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ABSTRACT

Author: Liu, Shule. PhD
Institution: Purdue University
Degree Received: December 2017
Title: Effects of Reduced Dietary Crude Protein on Ammonia, Hydrogen Sulfide, and Greenhouse
Gases Emissions from a Research Swine Building
Major Professor: Jiqin Ni
Swine production is a primary source of protein and fat to human society, in the meanwhile, it
continuously emits undesirable pollutant gases, including ammonia (NH3), hydrogen sulfide (H2S),
carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), imposing adverse impacts on
animal and human health as well as on the environment. Previous studies proved that reducing
excessive dietary N was effective in mitigating NH3 emissions from pig production, but the
reduction in NH3 emissions during different swine physiological stages were not reported yet as
only a few studies were based on continuous monitoring in the field. Moreover, the effects of
reduced dietary N on other gases were not clear based on the very limited number of studies.

A comparison study with reduced dietary crude protein (CP) with supplemental amino acid (AA)
was conducted with 720 pigs in a 12-room research building for 155 days that covered from
weaned to finishing stages. The pigs were divided into three 4-room groups and fed with 2.1%–
3.8% reduced CP (T1), 4.4–7.8% reduced CP (T2), and standard (control) diets, respectively. Pig
production, including pig number and pig weight, was recorded. Manure volume was measured
weekly. Manure was sampled periodically, and samples were analyzed for pH, nitrogen, and other
parameters. Building environmental variables, including temperature, relative humidity, room
static pressure, ventilation, and pig activities, were continuously measured. Gas concentrations at
the exhaust fans were also continuously monitored. Gas emission rates were calculated using the
measured ventilation rates and gas concentrations.

Group cycle mean NH3 emissions from the control, T1, and T2 groups were 68.9 ± 40.0, 46.7 ±
19.5, and 29.8 ± 10.6 g d-1 AU-1 (AU = 500 kg live mass), respectively. Emissions from the T1 and
T2 groups were reduced by 33.0% and 57.2%, respectively, compared with the control group. The
peak of NH3 emissions appeared during the third nursery phase for the T1 and T2 groups but
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delayed to the first grower phase for the control group. Large variabilities in NH3 emissions were
observed among the four rooms within the same group.

To study these variabilities, the 12 pig rooms were divided into sixty-six 2-room pairs, and the
variables measured in each pair of two rooms were differenced to create a dataset showing the
variabilities of NH3 emission and other measured variables. By using multivariate linear regression,
the pig diet, total pig weight, and the pit manure volume were identified as the major influencing
factors for the variabilities. Using the Panel Data Analysis with Heterogeneous Time Trends, the
primary time-relevant variables imposing significant effects on the NH3 emissions were pit
temperature and total pig weight. Additionally, two other unidentified factors that imposed
substantial influences on the NH3 emission variabilities were also detected and their dynamic
trends were uncovered.

Different from its effects on lowering NH3 emissions, reduced dietary CP and AA supplements
increased hydrogen sulfide (H2S) emissions. The group cycle means H2S emission rates were 4.0
± 2.9, 4.3 ± 3.2, and 5.4 ± 4.0 g d-1 AU-1, respectively, for the control, T1, and T2 groups. Emissions
of H2S were enhanced by 10.0 and 36.7%, respectively, for the T1 and T2 groups (p < 0.001). The
enhanced H2S emissions from the T1 and T2 groups were related to the reduced manure pH and
were possibly affected by several pathways, which could involve volatile fatty acids and nitrogen
concentrations, and microbial activities in the manure.

The dietary treatment of CP-reduction also influenced the emission of greenhouse gases (GHG).
The dietary CP reduction was related to higher CO2 emission (p < 0.05). The two CP reduced
groups had lower N2O emissions (p < 0.01). The CH4 emission was highest from the group where
the pH of the produced manure was closest to the optimal pH range of anaerobic digestion. The
accumulated global warming potential (GWP) was 1300.2, 1436.6, and 1420.9 kg AU -1 CO2eq,
for the control, T1, and T2, respectively, during the whole cycle.

1

1. INTRODUCTION

Swine Production in the U.S.
Swine production is one of the primary food providers and has a long history of providing protein
and fat to human beings. The United States is the world’s second-largest pork producing country
which accounted for about 10% of the world’s pork production throughout 2008–2013 (Giamalva,
2014; USDA, 2017). Based on the 2012 USDA census, the top five states of pig sales are Iowa,
North Carolina, Minnesota, Illinois, and Indiana (USDA, 2014).

Swine production is organized based on physiological stages of production: gestation, farrow,
nursery, grow and finish, and almost all pigs were kept in a confined environment (NRC, 2003).
The typical weight for pigs at those stages is 5 to 15 kg for pre-nursery pigs; 15 to 35 kg for nursery
pigs; 35 to 70 kg for growing pigs; and 70 to market weight for finishing pigs (Lewis and Southern,
2000). Early weaning and multi-site production schemes are usually chosen to enhance production
efficiency and overall profitability, and most recently, the wean-to-finish buildings have been
widely adopted (Lewis and Southern, 2000).

Typical feed for pigs includes corn, soybean meal, supplemental minerals and vitamins (NRC,
2003). Feed cost, which was primarily the cost of corn and soybeans, accounted for over 65% of
all production expenses and is the largest share for swine production (Giamalva, 2014; Lewis and
Southern, 2000).

Gaseous Pollution from Swine Production
Modern swine industry, especially the concentrated swine operations, may impose negative
environmental impacts by discharging substantial amount of air pollutants. Primary air pollutants
mainly include gases, odors, and particulate matter. Ammonia (NH3), hydrogen sulfide (H2S), and
greenhouse gas (GHG), including carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O),
have been identified as the major pollutant gases from swine production.
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1.2.1

Ammonia

Ammonia is a water-soluble gas with a pungent odor. It has been a concern of the scientific world
and regulatory agencies for its potential adverse impacts on the environment, ecosystem, human
health, and animal welfare. Some of the major properties are summarized in Table 1-1. Ammonia
is an important alkaline gas, interacting actively with acidic gases and stimulating the ammonium
aerosols. Dry and wet deposition of NH3 is related to the formation of fine particles, soil
acidification, and water body eutrophication.

The origin of NH3 from animal production included urea hydrolysis in the urine and the organic
nitrogen decomposition in the feces (Aarnink et al., 1995). About 70% of the dietary N was
excreted in urine and feces, and about 31% of the excreted N was emitted as NH3 emissions during
manure storage and land application (Aarnink and Verstegen, 2007). The livestock industry is a
primary source of NH3 emissions and accounted for 39% of the global emission (Galloway et al.,
2004).

Long-term and short-term exposure to NH3 has been reported to relate to adverse effects on both
pigs and pig farmers (Swotinsky and Chase, 1990). Lab studies have proved that chronic exposure
to low-level NH3 (<25 ppm) has effects on pulmonary function or odor sensitivity. Exposure to
500 ppm NH3 lead to irritation of upper respiration tract, increased blood pressure and pulse rate,
and these symptoms persisted for another 24 h (U.S. National Library of Medicine, n.d.).
1.2.2

Hydrogen sulfide

Hydrogen sulfide is a toxic gas and has a characteristic odor of rotten eggs. Some natural sources,
including coal, natural gas, volcanic gases, sulfur springs and lakes, generate H2S. Another
important source is the decomposition of sulfur-containing organic substances in anaerobic
circumstances.

Hydrogen sulfide from animal building originated from bacterial sulfate reduction or the
decomposition of sulfur-containing organic compounds in the manure, minerals or the premix in
the feed, and from the drinking and washing water (Arogo et al., 2000). The emitted H2S to the
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atmosphere can be oxidized to form sulfuric acids, enhancing the potential risk of regional acid
rain.

Exposure to low H2S concentration leads to a headache, fatigue, and irritation of eyes, nose, or
throat (ATSDR, 2016). Repeated exposure could result in increased susceptibility; and those
symptoms could result from concentrations previously tolerated (NIOSH, 1978). Brief exposures
to high levels of H2S (greater than 500 ppm) can cause a loss of consciousness (ATSDR, 2016).
Exposure to higher H2S concentrations has been reported responsible for deaths of animals and
human being in animal facilities (e.g., Oesterhelweg and Püschel, 2008; Riedel and Field, 2013).
1.2.3

Greenhouse gases

Global warming has been a worldwide environmental problem and a major challenge to the human
society in the 21st century. Primary greenhouse gases (GHG) from animal production include
carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). Accumulated GHG from
anthropogenic sources is a primary contributor to global warming, contributing to accelerated
glacier melting, rising sea levels, increased appearance of extreme weathers, etc., imposing farreaching influences on the economy, society, and ecology.

Carbon dioxide is the primary GHG from pig buildings, generated from both animal exhalation
and manure (Philippe and Nicks, 2015). Methane originates from either the enteric fermentation
in the digestive tract of pigs or the microbial activity in the manure. Nitrous oxide is a product
sorely from the microbial processes in the manure, including nitrification, denitrification, nitrifier
denitrification, and annamox.

The livestock industry has produced about 18% of the global GHG gas emissions (Pitesky et al.,
2009), and swine production is the second contributor to GHG emissions of livestock industry
(Smith et al., 2014). The CH4 emission from the swine buildings has increased by about 44% since
1990. Livestock and manure management accounted for about 30% and 79% of the anthropogenic
CH4 and N2O emission, respectively, in 2014 (EPA, 2016).
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The global warming potential (GWP) of CH4 and N2O is about 28–36 and 265–298, respectively,
over a 100-year timescale. The total CH4 emission from pig’s enteric fermentation and manure has
reached 2.4 and 22.4 MMT CO2 Eq., respectively, in 2014 (EPA, 2016). The N2O emission from
swine manure was 1.8 MMT CO2 Eq. in the same year (EPA, 2016).
Table 1-1 Gas properties and occupational exposure limit.
Namea
MWb

NH3
17

Relative solubilityc

w / 31%

Relative densityd
Odor
Exposure limite

0.60
Pungent

H2S
34.08
w / 260%
o/
1.19
Rotten eggs

CO2
44.01
w / 76%
1.53
-

CH4
16.04
w / 91%
o/
0.55
-

50 ppm
20 ppm
O2>18%
(8 h)
25 ppm
1 ppm
ACGIH
(8 h)
(8 h)
25 ppm
10 ppm
NIOSH
(10 h)
(10 min)
a. Information from the website of U.S. National Library of Medicine;

N2O
44.01
w / 57%
1.53
Sweetish

OSHA

50 ppm
(8 h)

b. MW, molecular weight (g mol-1);
c. Solubility at 25 C; w, soluble to water; o, soluble to organic solution;
d. Vapor density (air = 1);
e. OSHA, Occupational Safety and Health Administration, Permissible Exposure Limit (PEL);
ACGIH, American Conference of Governmental Industrial Hygienists, Time-weighted average
(TWA); NIOSH, The National Institute for Occupational Safety and Health, Recommended
Exposure Limit (REL).

Laws, Regulations, and Guidelines
The adverse effects of gas pollutants on both environmental and human health have raised public
concern. Therefore, laws, regulations and guidelines were established to regulate gas emissions
from animal production. There are three major federal agencies implementing laws and regulations
on the environmental pollution caused by agriculture: EPA for general pollution cases, USDA for
contamination of soil and agro-environment, and the National Oceanic and Atmospheric
Administration for the coastal area (NRC, 2003).
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Agriculture activity has been long under a “favored status” and exempt from numerous federal and
state laws (NRC, 2003). However, the concentrated animal feeding operations (CAFOs) are
considered as a stationary point source and subject to regulation under the Clean Air Act. Some
swine farms are subject to the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA, or the "Superfund" law) and the Emergency Planning and Community
Right-to-Know Act (EPCRA), and required to report the amount of the NH3 and H2S that they
discharged.

Different human exposure limits of NH3 and H2S have been regulated/recommended by major
occupational health organizations (Table 1-1). The Occupational Safety and Health Administration
(OSHA) defines the 8-h time-weighted average of 50 ppm for NH3. The National Institute for
Occupational Safety and Health (NIOSH) and the American Conference of Governmental
Industrial Hygienists (ACGIH) recommended 25 ppm as 10-h and 8-h time-weighted average,
respectively.

The human exposure limits for H2S are much lower than NH3. The exposure ceiling concentration
permitted by OSHA is 20 ppm (OSHA, 1993). The NIOSH recommended a 10-min exposure limit
of 10 ppm (NIOSH, 2016). In 2010, the ACGIH decreased the recommended threshold limit value
to 1.0 ppm and 5.0 ppm for the 8-hour time-weighted average and short-term exposure limit,
respectively (Henderson, 2011). As the public becomes increasingly concerned about
environmental pollution, more strict regulations are required to control the air pollution from
confined animal feeding operations. For example, several environmental groups have launched
lawsuits against both EPA and swine farm producers (Anonymous, 2015; Donnelle Eller, 2015).

Gaseous Pollution and Pig Diet
Gas pollutants from animal buildings are closely related with the composition of pig diet. Protein,
composed of amino acids (AA), is the primary source of N in pigs feed. Pigs do not require protein
in the feed, but their nutritional requirements varied substantially to different AA (Lewis and
Southern, 2000). The amino acid is an organic substance comprised of amine (-NH2) and carboxyl
(-COOH), and a side chain specifying the type of it. Some AA can be synthesized by pigs and do
not need dietary supplementation; some AA can only be obtained by pigs from feed. The former
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is called non-essential AA (NEAA), and the latter is essential AA (EAA). (Holden and Ensminger,
2006). Among the ten essential AA that cannot be generated through internal metabolisms of pigs,
the most limiting essential AA is Lysine, followed by Tryptophan and Threonine (Holden and
Ensminger, 2006; Lewis and Southern, 2000).

The proteins content presented in the feed can be analyzed chemically. However, the laboratories
usually measure the content of N rather than protein. Crude protein (CP) is a term describing the
protein calculated by the measured N content in the feed dividing 16%, the average proportion of
N in proteins (Lewis and Southern, 2000).

The initial goal of CP reduction and AA supplementation was to reduce the cost of the feed of pigs
because CP is usually the most expensive ingredient in the feed. The standard diet of pigs is
formulated to meet the demand of Lysine, resulting in an excessive intake of other AA by the pigs.
Therefore, when reducing the dietary protein, it would be necessary to supplement with sufficient
EAA to maintain normal performance of pigs. Recently, the emphasis has shifted towards reducing
environmental footprints, aiming to control the nitrogen excretion and odor emission from swine
production (Lewis and Southern, 2000).

Current Research Progress
1.5.1

Emissions from swine building

1.5.1.1 Ammonia emissions
Previous studies have been devoted into quantifying the NH3 emissions from swine buildings
(Rahman and Newman, 2012; Stinn et al., 2014). The reported NH3 emission rates of mechanically
ventilated swine buildings with pit systems were summarized in Table 1-2. Liu et al. (2014)
summarized the results from 80 studies and 11 NAEMS swine sites and found that the reported
NH3 emission rates of swine houses averaged at 20.64 ± 18.09 kg yr-1 AU-1, ranging from 0.79 to
124.2 kg yr-1 AU-1. Since there were large uncertainties of the magnitudes of NH3 emission rates
among different studies (Philippe et al., 2011; Reidy et al., 2008), Ni and Heber (2008) summarized
the methodologies of sampling and measurement of NH3 from animal buildings, along with the
advises in data quality improvement.
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The NH3 emissions was reported to be higher in the day than in the night (Aarnink et al., 1995;
Blanes-Vidal et al., 2008; James et al., 2012). Blunden et al. confirmed this diurnal pattern in all
four seasons of the year (2008). Blunden et al. (2008) observed highest emission of NH3 and H2S
in winter while James et al. (2012) observed the peak emission from the spring and summer.

Process-based models were recommended by the National Research Council to predict the
generation, volatilization, and emission of gas pollutants from animal building operations (NRC,
2003). The mechanisms of the release of major air pollutant, NH3, H2S, and CO2 were summarized
by Ni et al. (2013). Ammonia volatilization were widely considered as a mass transfer process and
a common structure was suggested (Ni, 1999). Cortus et al. (2008) developed a dynamic model
characterizing the release of NH3 from urine puddles. Ni et al. (2000) developed a new
mechanistical model based on their Carbon-dioxide Accelerated Ammonia Release (CAAR)
concept.

Major dispersion models applied to study agricultural air quality outside the building included
ISC-ST3, AERMOD, CALPUFF. Bunton et al. (2008) has summarized some of the dispersion
modeling methods of gas emissions from concentrated animal feeding operations.
1.5.1.2 Hydrogen sulfide emissions
The H2S concentrations in swine buildings were usually below 2 ppm (Ni et al., 2017a). The rates
of H2S emissions from swine buildings were much lower compared with other gases, such as NH3,
CO2, and CH4. Based on literature and experimental results, Ni et al. (2017a) summarized that the
H2S emissions from swine production ranged from 0.16 to 91 g d-1 AU-1. However, the number of
studies investigating H2S emissions from swine building has still been very limited. The reported
H2S emission rate measured in mechanically ventilated swine buildings with pit systems are listed
in Table 1-3.

Blunden et al. (2008) observed highest emission of H2S in winter while Sun et al. (2010) observed
higher H2S emissions in warm season than in cold season. Substantial diurnal variation of H2S

8
concentration was observed by Ni et al. (2002a) and they found the H2S concentration was much
higher at night due to insufficient ventilation rate in the summer evening.

The inconsistencies among studies could partly be a result of the reported special behavior of H2S
release from liquid swine manure, the Bubble Releases and Reservoir Effect (Ni et al., 2013). A
number of studies have reported unexpected burst H2S releases and sharp increases in H2S
concentrations at swine storage and in buildings (Blanes-Vidal et al., 2012; Ni et al., 2002b),
especially when the slurry was removed from the storage pits (Hoff et al., 2006).
1.5.1.3 Greenhouse gas emissions
Philippe et al. (2015) summarized the GHG emission factors of pigs of different physiological
stages from literature. They found that weaned piglets and fattening pigs had a CO2 emission rate
of 19.05 kg d-1 AU-1 (0.69 kg d-1 hd-1) and 15.3 kg d-1 AU-1 (2.1 kg d-1 hd-1), respectively; a CH4
emission rate of 174 g d-1 AU-1 and 119.2 g d-1 AU-1, respectively. The differences in N2O emission
rates were substantial among both studies and physiological stages, and an average emission rate
of 1.34 g d-1 AU-1 was proposed (Philippe and Nicks, 2015). A summary of the published emission
rates of GHG is in Table 1-4.

Dong et al. (2007) studied the GHG emissions from different types of naturally ventilated swine
building by monitoring the gas concentrations by gas chromatography and the ventilation rates by
CO2 balance method. The observed highest GHG emissions from nursery and grow-finishing were:
29.7±1.1 kg d-1 AU-1 and 16.7±1.1 kg d-1 AU-1, respectively, for CO2; 58.4±21.8 g d-1 AU-1 and
32.1±11.7 g d-1 AU-1, respectively, for CO4; and 1.29±0.37 g d-1 AU-1 and 0.86±0.75 g d-1 AU-1,
respectively, for N2O.

Contradictory observations were found about the diurnal variations of CO2 emission. Higher CO2
emissions in the daytime were observed and considered a result of feeding activity (Philippe and
Nicks, 2015). Pedersen et al. (2008) observed the similar pattern and suggested that the CO2
emission normally had a diurnal variation of ±20%. Differently, Sun et al. (2008) observed higher
CO2 emissions in the night because the CO2 concentrations in the night was higher than that in the
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day. Ni et al. (2008) observed higher CO2 emission in the winter while Sun et al. (2010) suggested
no apparent seasonal variations of CO2 emissions.

The CH4 emissions was reported to be much higher in the summer and lower in the winter in a pitflushing swine building because the water used to flush the manure pit had lower temperature and
less active microbial activity during the winter (Sharpe et al., 2000). Haeussermann et al. (2006)
also observed higher CH4 emission rate in the summer. Ni et al. (2008) observed lower
concentration but higher emission rate of CH4 in warm days.

A number of factors influenced the production levels of GHG from the animal buildings, such as
housing conditions, manure management, and diet composition, etc. (Philippe and Nicks, 2015).
Besides, the reported emission rates have considerate variances upon different seasons and
physiological stages of pigs. Therefore, precise long-term measurement of GHG emissions from
swine buildings is still necessary to obtain representative annual emission factors (Dong et al.,
2007; Liu et al., 2013).
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Table 1-2 Emission rates of ammonia from swine building in literature.
Slat Strgb
(%) (d)
25
25
21
25
N
25
21
50
N
50
21
100
100
100
100
50
50 180
50 180
50 180
50 180
50 180
100
50
100 88

n
200
108
240
72
240
72
872
866
887
867
432
65
63
59
57
65
60
48
887
550
400
475

Pig
Stgc
R
Fn
R
Fn
R
Fn
Fn
Fn
Fn
Fn
N–Fn
Fn
Fn
Fn
Fn
Fn
Fn
Fn
G–Fn
Fn
Fn
N

IA

1236

W–Fn

2

384

IA

1289

W–Fn

2

384

365
365
16
16
1000
1000
1000
1000
632
617
625
851
842
896
889

G–Fn
G–Fn
Fn

Loc.a
NL
NL
NL
NL
NL
NL
IL
IL
IL
IL
G
B
B
B
B
B
F
F
IN
MN
MN
MN

IA
IA
B
B
IN
IN
IN
IN
NC
NC
NC
NC
NC
NC
NC

365
365
100
100

100
100
100

7
7
7
7
7
7
7

Fn
Fn
Fn
Fn
Fn
Fn
Fn
Fn
Fn
Fn
Fn

Measurement
Mtdd D (d) Te
1
40
C
1
112
C
1
40
1
104
1
40
1
104
1
92
C
1
74
C
1
92
C
1
74
C
4
20
Q
34
C
34
C
85
C
85
C
181
C
2
>100 C
2
>100 C
1
88
C
3
0.5
D
3
0.5
D
3
0.5
D

2
2
2
2
2
2
2
2
2
1
1
1
1

48
120
375
340
334
337
730
730
730
6
8
6
6

C
C
C
C
C
C
C
C
C
C
C
C
C

NH3 Emission
Ratef
/0.9 (0.13)
/5.8 (0.1)
/0.8 (0.5)
/5.7 (2.3)
/0.9 (0.4)
/6.4 (2.4)
65.3 (13)/
65.2 (3.6)/
146.7 (10)/
121.8 (12.2)/
72 (2.3)/
123.8 (27.5)/
121.0 (28.8)/
83.7 (28.8)/
63.4 (28.6)/
110 (40.1)/
/8.9
/9.1
145 (44)/
/1.3 (0.6)
/3.4 (1.3)
/0.9 (0.5)
51.7 (17.5)
/6.7 (4.1)
108 (93.7)
/8.3 (4.0)
/102
/130
/8.06 (0.39)
/6.22 (1.84)
/8.3 (6.5)
/8 (4.5)
/6.7 (4.7)
/7.2 (5.6)
/8.1 (5.3)
/8.0 (3.9)
/8.4 (3.9)
33.6 (21.9)/
30.6 (11.1)/
24.3 (12.4)/
11.8 (7.4)/

Ref. g
1
1
2
2
2
2
3
3
3
3
4
5
5
5
5
5
6
6
7
8
8
8
9
9
10
10
11
12
13
13
13
13
14
14
14
15
15
15
15
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a. Loc, location. NL, The Netherlands; B, Belgium; F, France; G, Germany; The others are
the abbreviations of the states in the U.S.
b. Strg, Storage. Manure storage time.
c. Stg, Stage. Pig growth stage. R, rearing; W, weaned, N, nursery; G, growing; Fn, finishing.
d. Mtd, Method. 1, chemiluminescence; 2, INNOVA, photoacoustic infrared monitor; 3, gas
tubes, 4, photoacoustic multi-gas monitor.
e. T, Measurement type. C, continuous monitoring; D, discrete monitoring; Q, quasicontinuous.
f. g d-1 AU-1 / g d-1 hd-1; standard deviations in the parentheses.
g. Reference. 1. Aarnink et al. (1995); 2. Aarnink et al. (1996); 3. Heber et al. (2000); 4. Hinz
et al. (1998); 5. Hendriks et al. (1998); 6. Guingand et al. (2010); 7. Ni et al. (2000); 8. Zhu
et al. (2000); 9. Pepple et al. (2011); 10. Jacobson et al. (2006); 11. Nick et al. (2005); 12.
Philippe et al. (2007); 13. Lim et al. (2010); 14. Bogan et al. (2010); 15. Blunden et al.
(2008).
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Table 1-3 Emission rates of hydrogen sulfide from swine building in literature.
a

Loc

IN
IL
IL
MN
NC
NC
NC
NC
IA
IA
IN*
IN
IN
IN
NC*
NC
NC
a.
b.

Slat
(%)
100
100
100
-

Strgb
(d)
88
>193
>193

Pig
n Stgc
8 G–Fn
8> F
77
> F
07
50 Fn
05
80 Fn
7
05
8 Fn
7
14
8 Fn
7
29
8 Fn
7
68
1 W to
92 Fn
1 W to
32 Fn
16 Fn
80
19 Fn
00
10 Fn
00
10 Fn
00
60 Fn
100 7
03
60 Fn
100 7
21
6 Fn
100 7
7
Loc, Location. 2
5
Strg, Storage.

Measurement
Mtdd Day (d)
1
88
1
193
1
193
3
0.5
1
6
1
8
1
6
1
6
2
384
2
384
1
375
1
340
1
334
1
337
730
730
730

NH3 Emission Ratef
Te
C
C
C
D
C
C
C
C
C
C

C
C
C

8.3 (1.1)/145 (44)
145
6.7/ (44)
5.9/
/2.3
4.2 (2.1)/
3.3 (1.0)/
1.2 (0.7)/
1.7 (0.5)/
1.6 (1.6)/0.2 (0.1)
14.8 (35.5)/0.6 (0.8)
/0.5 (1.0)
/0.7 (1.0)
/0.4 (0.6)
/0.9 (1.2)
/0.2 (0.2)
/0.3 (0.3)
/0.3 (0.2)

Ref. g
1
2
2
3
4
4
4
4
5
5
6
6
6
6
7
7
7

c. Stg, Stage.
d. Mtd, Method.
e. T, Type.
f. g d-1 AU-1 / g d-1 hd-1; standard deviations in the parentheses.
g. Reference. 1. Ni et al. (2002a, 1998); 2. Ni et al. (2002b); 3. Zhu et al. (2000); 4. Blunden
et al. (2008); 5. Pepple et al. (2011); 6. Lim et al. (2010); 7. Bogan et al. (2010).
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Table 1-4 Emission rate of greenhouse gases from swine building in in literature.

B
B
B

Slat
(%)
50
100
100

Italy

100

Swd

50

54

63

1

222

NC

100

0b

779

3

4

NC

100

0b

873

3

8

NC

100

0b

904

3

4

MO
MO
F
F

100
100
100
50

0b
0b

1115
1116
60
48

4
4
1
1

222
216
>100
>100

Loca

Strg
(d)b

Pig
n
432
16
16
345

Measurement
Mtdc D (d)
5
20
1
48
1
120
60%
2
cycle

NH3 Emission Rated
CO2
15.4/
/1.9 (2.6)
/1.7 (0.2)
13.6/

CH4
/18.00 (0.22)
/16.32 (2.39)
189.82/

N2O
/0.35 (0.01)
/0.54 (0.44)
3.26/

17.0 (2.8)/
2.0 (0.5)

55.4 (43.4)
0.13 (0.3)
/7.9 (7.0)
/0.009 (0.029)
34.8 (17.3)
/6.9 (3.4)
324.1 (74.2)
/29.2 (6.7)
309.6 (11.5)
/37.2 (1.4)
17.5 (0.8)/
36.2 (2.0)/
14.2 (0.6)/
28.8 (1.8)/
/0.68
/7.3
/0.12
/0.63
/8.4
/0.15

Ref. e
1
2
3
4.
5.
6
6
6
7
7
8
8

a. G, Germany; B, Belgium; Swd, Sweden. Strg, manure storage.
b. Storage day = 0, Pit-flushing everyday.
c. 1. INNOVA; 2. IPD, INNOVA and PD are both photoacoustic infrared monitor; 3. TDL,
Tunable Diode Laser; 4. Ni et al. (2008) used Direct Methane and Non-Methane
Hydrocarbon Analyzer (55C) and photoacoustic infrared CO2 analyzer.; 5, photoacoustic
multi-gas monitor.
d. g d-1 AU-1 / g d-1 hd-1; standard deviations in the parentheses.
e. Reference. 1. Hinz et al. (1998); 2. Nick et al. (2005); 3. Philippe et al. (2007); 4. Costa
and Guarino (2009); 5. Ngwabie et al. (2011); 6. Sharpe et al. (2000); 7. Ni et al. (2008);
8. Guingand et al. (2010).

1.5.2

Effects of crude protein reduction on emissions from pig buildings

If the amount of CP in the diet was reduced with artificial EAA added, significantly less N was
excreted from pigs (Radcliffe et al., 2008). Moreover, higher pH, higher total N, similar total C,
and higher ammonium-N (NH4+-N) was observed in the manure from pigs fed with CP-reduced
diet (Velthof et al., 2005).

14
There were a number of studies investigated the change of NH3 emission after feeding pigs with
CP-reduced diet. It was reported that a decrease in dietary CP from 20% to 12% led to a decrease
in NH3 emissions by 63% (Portejoie et al., 2004). Aarnink and Verstegen (2007) summarized from
the previous studies that every 10 g kg-1 reduction in CP resulted in 10%–12.5% reduction of NH3
emissions.

The side-effects of dietary CP reduction on pigs have also been studied and concluded that it did
not necessarily inhibited the growth of pigs if sufficient artificial AA was supplied in the ratio
meets the growing need of pigs. Some authors observed little impacts on the weight gain of pigs
by using CP reduced and AA supplemented diet, despite reduced N retention (Portejoie et al., 2004;
Toledo et al., 2014; Zervas and Zijlstra, 2002). Philippe et al. (2006) and Le et al. (2007) observed
a substantial reduction of NH3 emission while the normal performance of pigs was maintained.
Lewis and Southern (2000) concluded that pig’s performance would not be affected when adequate
AA was added to a diet with 2–3% CP reduction; however, less lean gain would be observed if the
CP reduction reached 4%. Adding excessive artificial AA could also decrease the feed intake and
weight gain of pigs (Edmonds and Baker, 1987).

Though dietary manipulation by reducing CP has been proven effective to mitigate NH3 emissions
from swine production (e.g., Powers et al., 2007), its effects on other gases, such as H2S, CO2,
CH4, and N2O, etc., were not conclusive (Osada et al., 2011). Hansen et al. (1993) studied 32
finishing pigs during the last 11 days of a 44-day experiment and found the effects on H2S
emissions was not significant. Follow-up studies by Radcliffe et al. (2008) with low nutrient
excretion (LNE) diet for 1920 pigs, and Power et al. (2007) with reduced CP and supplementing
with AA for 48 pigs in eight animal chambers, both confirmed no effects on H2S concentrations
and emissions. However, the impacts of diet on H2S emissions had not been sufficiently discussed
(Powers et al., 2007).

There were only a few studies reported the effects on GHG (Philippe et al., 2006). From pigs fed
with CP reduced diet, Philippe et al. (2006) observed decreased CH4 emission, increased N2O
emission, and not changed CO2 emission after 6-day air measurement. Differently, Clark et al.
(2005) found increased CO2 and CH4 emission and not changed N2O emission. A chamber study
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from Velthof et al. (2005) found the CH4 emission was reduced by lowering dietary CP. Osada et
al. (2011) found that lower CP lead to a reduction of 39% GHG based on laboratory study and Nbalance calculation. Liu et al. (2013) conducted a meta-analysis based on published data and
concluded that the content of dietary CP and CH4 emissions are positively correlated. However,
field test and gas monitoring are needed to verify the conclusions.
1.5.3

Quantification of emissions from pig buildings

Quantification of gas emission from pig buildings included the quantification of ventilation rate of
the building and of the concentration of the gas at the exhaust. The general equation of gas emission
rate from animal buildings can be expressed as Eq. (1).

E  (Coutlet  Cinlet ) V

(1)

where E is gas emission rate, mass time-1; Coutlet and Cinlet are gas concentrations at the outlet and
inlet of the building, respectively, mass volume-1 ; V is the total ventilation rate of the building,
volume time-1.
1.5.3.1 Ventilation rate monitoring
The measurement of ventilation rate for the naturally ventilated pig buildings was usually indirect.
Heat balance, carbon dioxide balance, and trace gas balance were major methods applied by
previous studies (Gay et al., 2003; Heber et al., 2001; Patricia de Sousa and Pedersen, 2004).

For the mechanically ventilated pig buildings, where continuous fan monitoring was possible,
quantification of ventilation rate was realized by applying fan testing model or velocity traverse
method (Sun et al., 2008). Traverse principle was widely applied by a number of authors, such as
Gates et al. (2004), Lim et al. (2010), and Ni et al. (2017b), etc., for monitoring large fans (Ni,
2015). Smaller fans can be monitoring by installing anemometers or ventilation sensors (e.g.,
Heber et al., 2001; Mosquera and Ogink, 2011). Ni et al. (2016) used a new pit exhaust airflow
measurement assembly (PEAMA) to directly measure the real-time airflow rates of variable-speed
pit fans. The vibration sensor is another economical alternative suitable for continuous fan
monitoring (Costa and Guarino, 2009; Ni et al., 2005).
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1.5.3.2 Gas concentration monitoring
The measurement instruments of NH3 have been comprehensively reviewed by Ni and Heber
(2008). They categorized the methods into wet chemistry, gas tubes, Fourier transform infrared
spectroscopy, infrared gas analyzer, ultraviolet differential optical absorption spectroscopy,
chemiluminescence analyzer, electrochemical sensor, chemcassette detection system, and solidstate sensor.

The infrared photoacoustic spectroscopy is widely used in minoring gas concentrations in the
animal buildings because of its selectivity, reduced drift in calibration, and the low cost per
measurement (Hassouna et al., 2013). It measures NH3, CO2, CH4, and N2O simultaneously and
continuously for a long term. A recent study from Hassouna et al. (2013) claimed that its noncompensated interferences could result in overestimation of NH3 or N2O concentrations and
underestimation of CH4 concentrations. Other methods, such as Fourier transform infrared
spectrometry – vertical radial plume mapping, sulfur hexafluoride tracer method, chamber method,
and the micrometeorological mass balance method were applied to the CH4 measurements (Liu et
al., 2013).

Fewer instruments are available for H2S concentration measurement than those for NH3 (Ni et al.,
2017a). The major choices for H2S monitoring instruments in swine buildings are gas tubes,
Chemcassette monitors, and sulfur dioxide analyzers (Xin, 2005). Other reported methods were
Drager Pac III (Chénard et al., 2003) and Ion Chromatography (e.g., Kim et al., 2005). The sulfur
dioxide analyzer is the high-sensitivity and quick-response instrument that can be used for
continuous H2S monitoring. Nitrous oxide presented in the animal buildings in a lower
concentration than other gases, sometimes even below instrumental detection limits (Zhang et al.,
2007).

Research Gaps
1.6.1

Lack of studies based on long-term continuous field monitoring

The effects of CP reduction on NH3 emissions during different pig growth stages from wean to
finish are still not fully known. For example, Canh et al. (1998a) observed NH3 for a total of 21
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days in a 9-week field monitoring. The study of Portejoie et al. (2004) was based on 15 pigs and a
30-day observation. So far, very few conclusions about the effects of dietary CP reduction on gas
emissions were made based on continuous field monitoring throughout the weaned-to-finish cycle
of the pigs.

Many conclusions have been based on a small number of pigs in experimental chambers (e.g.,
Power et al. 2007; Panetta et al. 2005a). Because there were scale effects and substantial
environmental differences between in a chamber and in a real pig building, the representativeness
of the study could be limited. Other studies collected data based on discrete measurement methods
(e.g., Hayes et al., 2004; Otto et al., 2003; Portejoie et al., 2004). However, a limited number of
gas samples in a day could result in significant bias in estimating the emissions because NH3 in
animal buildings exhibits profound diel variations (Saha et al., 2014; Ye et al., 2009),

For gases other than NH3, there have been an insufficient number of experiments carried out to
understand the effects of CP reduction on their production. Moreover, Trabue et al. (2016)
monitored the evolution of microbial composition of manure and proposed that a monitoring
period no less than 5 and 13 weeks was required to determine the dietary impacts on H2S and GHG
emissions, respectively. Especially, the N2O in the animal building demonstrated high variabilities
among studies (Shurpali et al., 2016). Therefore, high-quality, long-term air monitoring is essential
to reveal the effects of CP reduction on gases.
1.6.2

Lack of new insight into the large variabilities in gas emissions

Large variability of the magnitudes of the gas emission rates from the swine buildings is not
adequately understood. Liu et al. (2014) summarized the results from 80 studies and 11 NAEMS
swine sites and found that the mean of the reported NH3 emission rates of swine houses was 20.64
± 18.09 kg yr-1 AU-1, ranging from 0.79 to 124.2 kg yr-1 AU-1; and the mean of H2S emission rates
was 1.08 ± 1.07 kg yr-1 AU-1, ranging from 0.00 to 11.09 kg yr-1 AU-1. Rahman and Newman
(2012) observed the emission of NH3 and H2S from two quasi-identical gestation barns and two
farrowing barns and explained the variations as a results of ventilation differences. Variabilities of
gas emission, including NH3, H2S, and CO2 emissions, were also observed by Sun et al. (2010)
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throughout out the year. Ni et al. (2008) also observed significant differences of both CH4
concentrations and emission rates of two pig finishing barns.

A number of influencing factors have been identified in gas emissions from pig buildings, such as
house type, pig’s diet, environmental conditions, and manure management methods. However,
they still cannot satisfactorily explain all the large variabilities in the gas emissions from different
studies. Therefore, more in-depth data analysis methodologies were also in need to be introduced
to analyze high-quality and long-term data and gain new insights into the unexplainable
variabilities in NH3 emissions.

1.6.3

Lack of understanding about the effects of CP reduction on multiple gases

Though the effects of dietary CP reduction on NH3 emission was confirmed, the effects on other
gases is still not clear. For example, Hansen et al. (1993) and Power et al. (2007) observed no
significant effects on H2S emissions. Controversial conclusions also exist among studies. Philippe
et al. (2006) observed decreased CH4 emission, increased N2O emission, and no effects on CO2
emission; while Clark et al. (2005) found increased emission of both CO2 and CH4, and no effects
on N2O. Liu et al. (2013) concluded CP reduction decreased the CH4 emissions by performing a
meta-analysis of the literature data, but the effects on N2O could not be concluded. To understand
the full environmental impacts of the “CP reduction” strategy, more comprehensive air monitoring
should be carried out for a scientifically-sound conclusion.

Moreover, the dynamic profiles of gas emissions from pigs fed with standard diet and CP reduced
diet were not compared by previous studies. Most of the studies tended to focus on one or two gas
species. For example, Velthof et al. (2005) suspected that “Changing the diet to decrease one
particular gaseous emission may result in an unwanted increase in another gaseous emissions, ”
and they verified it by monitoring the emissions of NH3 and CH4 in gas chambers. Osada et al.
(2011) tested the effects on GHG gases. It couldn’t be concluded that CP-reduction reduces gas
emissions until its influences on other important gas species are studied.
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Objectives of this Ph.D. Dissertation
The objectives of this study were: 1) to characterize the gas emissions from a research swine
building by using 155 days of continuous gas and fan monitoring; 2) to uncover the effects of
dietary CP-reduction and AA supplementation on gas emissions; 3) to find out the primary
contributors of the variabilities of NH3 emissions from the 12 rooms; 4) to gain new insights into
unidentified influencing factors of gas emission by introducing new statistical data analysis
method.
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2. MITIGATION OF AMMONIA EMISSIONS USING
REDUCED DIETARY CRUDE PROTEIN

This chapter is published in Bioresource Technology:
Liu, S., Ni, J.-Q., Radcliffe, J.S., Vonderohe, C.E., 2017. Mitigation of ammonia emissions from
pig production using reduced dietary crude protein with amino acid supplementation. Bioresource
Technology. 233, 200–208. http://dx.doi.org/10.1016/j.biortech.2017.02.082.

Abstract
To mitigate ammonia (NH3) emissions from pig production and understand the dynamic emission
profiles, reduced dietary crude protein (CP) with amino acid supplementation was studied with
720 pigs in a 12-room research building for 155 days that covered from weaned to finishing stages.
The pigs were divided into three 4-room groups and fed with 2.1%–3.8% reduced CP (T1), 4.4–
7.8% reduced CP (T2), and standard (control) diets, respectively. Compared with the control group,
T1 and T2 decreased manure volumes and manure NH4+-N contents. Group-mean NH3 emission
from the control group was 68.9 g d-1 AU-1 (AU = 500 kg live mass). Emissions from T1 (46.7 g
d-1 AU-1) and T2 (29.8 g d-1 AU-1) were reduced by 33.0% and 57.2% (p < 0.05), respectively.
Dynamic peak NH3 emissions appeared during the third nursery phase for T1 and T2, but delayed
to the first grower phase for the control group.
Keywords: Air quality; air pollution abatement; animal feeding operation; dietary manipulation;
pig production; pollution control.

Introduction
Ammonia (NH3) emission from animal feeding operation has received increasing attention from
the scientific world and regulatory agencies for its potential negative impacts on the environment,
ecosystem, and human and animal health. The farms, which house more than a designated number
of animals, or of which the emitted NH3 exceed a reportable quantity, are subject to reporting and
permitting requirements under the Emergency Planning and Community Right to Know Act
(EPCRA) and the Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA) in the United States (EPA, 2009).
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Ammonia emitted from animal production originates from either hydrolysis of urea in the urine,
or decomposition of nitrogen (N) containing organics in the feces (Aarnink et al., 1995). About
70% of the N in the diet could be excreted in urine and feces, a potential N source of eutrophication
in water body if not managed appropriately, and 31% N in the urine and feces could be lost as NH3
emissions during house storage and land application (Aarnink and Verstegen, 2007). Increasing
the utilization efficiency of dietary N and decreasing N in the excreta is a potential method to
reduce NH3 emissions. Therefore, feeding pigs with balanced nutrients has been considered
effective in reducing NH3 emissions due to reduced surplus nutrients in the excreta.

Crude protein, composed of amino acids (AA), is the primary source of N in pigs feed. Pigs do not
require CP in the feed but their nutritional requirements varied substantially to different AA
(Holden and Ensminger, 2006). Among the 10 essential AA that cannot be generated through
internal metabolisms of pigs, the most limiting essential AA is Lysine, followed by Tryptophan
and Threonine (Holden and Ensminger, 2006). The standard diet of pigs is formulated to meet the
demand of Lysine, resulting in excessive intake of other AA by the pigs. If the amount of CP in
the diet is reduced by using synthetic AA, there will be significantly less N excreted by the pigs
(Radcliffe et al., 2008). Some studies have been conducted to investigate the effects of feeding
pigs with CP-reduced diet on NH3 emission from pig production. Portejoie et al. (2004) found that
a decrease in dietary CP from 20% to 12% led to a decrease in NH3 emissions by 63%. It was
summarized from the previous studies that every 10 g kg-1 reduction in CP could lead to 10%–
12.5% lower NH3 emissions (Aarnink and Verstegen, 2007).

The reduction of CP does not necessarily result in inhibited pig growth if commercially available
synthetic AA is supplemented with the ratio matching the growth demand of pigs. Reducing CP
with sufficient AA supplementation in pig diet showed little impacts on the pig weight gains,
despite reduced N retention (Portejoie et al., 2004; Toledo et al., 2014; Zervas and Zijlstra, 2002).
Philippe et al. (2006) and Le et al. (2007) reported that supplying sufficient essential AA to the
CP-reduced pig diet significantly restrained the NH3 emissions while maintaining the normal
performance of pigs. Nevertheless, supplying synthetic AA excessively was reported to decrease
the feed intake and weight gain of pigs (Edmonds and Baker, 1987).
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However, previous studies could not fully reveal the effects of CP reduction on NH3 emissions
during different pig growth stages from weaned to finishing. Most of the field studies were of
short-term experiments without covering the sufficiently long growth cycle of pigs. For example,
NH3 was observed for only 21 days in a 9-week field monitoring at a swine barn by Canh et al.
(1998a). The study of Portejoie et al. (2004) was based on 15 pigs and a 30-day observation. Other
studies were carried out with small number of pigs in experimental chambers (e.g., Power et al.
2007; Panetta et al. 2005a), where though the test environment was better controlled, the
representativeness could be limited compared with field environment because of the scale effect
and the substantial environment differences between in a chamber and a pig production building.

Lack of reliable data and continuous monitoring was another obstacle in the path of revealing the
characteristics of NH3 emissions from production of pigs under dietary manipulation. Some
researchers (e.g., Hayes et al., 2004; Otto et al., 2003; Portejoie et al., 2004) determined NH3
emissions by discretely quantifying NH3 concentrations with limited number of samples using
measurement techniques such as wet chemistry and gas detector tubes, which have relatively low
sensitivity and low accuracy compared with high-end NH3 analyzers (Ni and Heber, 2008).
Because NH3 in animal buildings exhibits profound diel variations (Saha et al., 2014; Ye et al.,
2009), a limited number of concentration samples in a day could lead to significant bias in emission
calculations.

So far, the dynamic profiles of NH3 emissions from all pig growth stages affected by dietary
manipulation are yet to be investigated. Moreover, experiments in controlled environment but
closer to the field conditions are needed. The objective of this paper was to uncover the effects of
reduced dietary CP with AA supplementation on NH3 emissions from a swine environmental
research building with 720 pigs, covering nursary to finising stages.
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Materials and Methods
2.3.1

Building description

The swine building is located at the Animal Sciences Research and Education Center, Purdue
University, West Lafayette, Indiana. There are 12 rooms in total with six rooms along the south
wall and other six along the north wall of the building. Each room measures 11.0 m × 6.1 m × 2.7
m (L × W × H) and is comprised of a pig living space (PLS) above a fully-slatted concrete floor
and two under-floor isolated 1.8-m deep manure pits (Figure 2-1). There are 6 or 12 pens in each
PLS that can house 60 finishing pigs.
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Figure 2-1 East-side view of the swine experimental research building. PLS = pig living space.
Two curtain-covered inlets above the east and west doors of the building allow fresh outdoor air
enter into the building. The curtain above the east wall is controlled by a static pressure controller
(Model SP-2, Airstream Ventilation Systems, Assumption, IL, USA). The other curtain above the
west wall is controlled manually. The extent of the curtain opening is regulated, depending on the
outdoor weather condition and the ventilation needs of the rooms.

The outdoor fresh air enters each room through three baffled V-shaped ceiling inlets and a
perforated 38-cm diameter PVC air pipe installed 20 cm below the ceiling and along the room.
Room air is exhausted via four direct-driven ventilation fans in each room: two variable-speed pit
fans and two single-speed wall fans. The inlets of the 25-cm diameter pit fans (Model P4E30,
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Multifan, Bloomington, IL, USA) are connected to two 25.4-cm diameter perforated PVC exhaust
air pipe in the pit. The two wall fans are installed side by side on the end wall: one is of 36-cm
diameter (Model V4E35, Multifan), and the other is of 51-cm diameter (Model V4E50, Multifan).
The measurement and calibration methods for both pit fans and wall fans were described by Ni et
al. (2015).

Ventilation in each room is controlled independently with a Fancom controller (Model FCTC,
Vancom BV, Panningen, The Netherlands). A propane heater (Model 379K, L.B. White Co.
Onalaska, WI, USA) is installed in each room to provide supplementary heat when the room
temperature is too low for pigs in winter. Two other propane heaters (Model Guardian 60, L.B.
White Co. Onalaska, WI, USA) are installed close to the east and west doors of the building to
pre-heat the fresh air before it reaches the rooms in cold seasons.
2.3.2

Experiment description

Weaned piglets were moved into R1–R6 on Feb. 25, 2015, and into R7–R12 one week later on
Mar. 4, 2015 (Table 2-1). There were 60 piglets in each room, weighed between 4.5 and 13.0 kg
each at the beginning of the experiment. Pigs were fed based on their growth demand during the
three production stages: nursery (from weaned to 25 kg), grower (25–70 kg), and finisher (70 kg
to market). The duration of the nursery and grower stages lasted for 43 d and 63 d, respectively.
The duration of the finisher stage lasted for 34 d in R4–R6 and R10–R12; and 41 d in R1–R3 and
R7–R9.

The pig diet was based on yellow dent corn (7.5% CP), soybean meal (47.5% CP), corn DDGS
(Distillers Dried Grains with Solubles,7%, 30.9% CP), limestone, mono-calcium phosphate, salt,
choice whitle grease, trace mineral premix, vitamin premix, phytase, Se premix, and Lincomix.
The diet was also supplemented with essential AA, including L-lysine HCl, L-threonine, Ltryptophan, DL-methionine, L-valine, and L-isoleucine. The ingredients of pig diet, including the
type and quantity of supplementary AA, changed upon pig dietary demands at different growth
stages. The percentage of the soybean meal increased throughout the four phases of the nursery
stage and decreased until the last finisher phase, when it profoundly increased. That of the corns
increased throughout the experiment until the last finisher phase, when it decreased slightly.
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There were three groups of pigs in the 12 rooms based on the amount of CP in the feed: Control,
Treated 1 (T1), and Treated 2 (T2). Each group had four replicated rooms: control group included
R1, R4, R8, and R11; T1 group included R2, R5, R9 and R10; T2 group included R3, R6, R7 and
R12 (Table 2-1). The control group was fed with standard diet. The two treated groups, T1 and T2,
were supplied with 2.1–3.8% and 4.4–7.8% CP reduced diet, respectively. To ensure sufficient
essential AA in the diet, synthetic AA was supplied increasingly from control to the T2 group
(Table 2-2).

Table 2-1 Overview of the experimental design, and start- and end-of-experiment pigs.
Design
and pigs

Room

1
2
3
4
5
6
7
8
9
10
11
12

a

Group
Ctrl
T1
T2
Ctrl
T1
T2
T2
Ctrl
T1
T1
Ctrl
T2

Start
dateb
25-Feb
25-Feb
25-Feb
25-Feb
25-Feb
25-Feb
4-Mar
4-Mar
4-Mar
4-Mar
4-Mar
4-Mar

Start
pigs
(n)
60
60
60
60
60
60
60
60
60
60
60
60

Start pig
weight
(kg)
5.4
5.4
5.4
7.2
7.1
7.1
5.4
5.5
5.4
6.9
6.9
6.9

End
dateb
23-Jul
23-Jul
23-Jul
16-Jul
16-Jul
16-Jul
30-Jul
30-Jul
30-Jul
23-Jul
23-Jul
23-Jul

Total
days
(d)
148
148
148
141
141
141
148
148
148
141
141
141

End
pigs
(n)
58
59
57
57
60
59
60
59
57
58
59
60

a. Ctrl, T1 and T2 stand for the control group, treated 1 group, and treated 2 group,
respectively.
b. Month/date in 2015.

End pig
weight
(kg)
130.4
131.2
126.3
129.6
129
124.9
126.3
128.6
128.9
127.1
127.5
122.8
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Table 2-2 Primary ingredients of the pig diet.
S&P

a

Dateb

c

D (d)

Main diet ingredient: C/SBM/CP/AA (%) d

R1–R6

R7–R12

1

2/25–3/5

3/4–3/12

8

28.0/15.0/25.0/0.1 31.5/15.0/22.9/0.3 35.2/15.0/20.6/0.7

2

3/5–3/12

3/12–3/19

7

34.1/18.0/23.8/0.1 37.9/18.0/21.6/0.3 41.8/18.0/19.1/0.7

3

3/12–3/26

3/19–4/2

14

39.5/20.0/31.2/0.1 43.6/20.0/28.7/0.3 47.7/20.0/26.2/0.7

4

3/26–4/9

4/2–4/16

14

46.1/31.1/18.6/0 56.3/21.8/14.9/0.3 66.9/12.0/11.0/1.0

1

4/9–4/30

4/16–5/7

21

48.2/28.1/17.3/0 59.1/18.3/13.5/0.3

69.8/8.3/9.6/1.0

G 2

4/30–5/21

5/7–5/28

21

47.7/25.9/16.3/0 58.1/16.4/12.6/0.3

69.1/6.2/8.5/1.0

3

5/21–6/11 5/28–6/18

21

49.8/23.9/15.5/0 60.3/14.3/11.8/0.3

71.3/4.1/7.7/1.0

1

6/11–7/2

6/18–7/9

21

67.9/21.6/15.5/0 76.4/13.8/12.4/0.3

85.3/5.5/9.1/0.9

2

7/2–End

7/9–End

13/20

N

F

Control

Treated 1

Treated 2

60.4/29.5/18.7/0 67.4/23.2/16.2/0.2 74.5/16.5/13.5/0.7

a. S&P, Stages and phases. N1–N4 stand for nursery diet phases 1 to 4; G1–G3 for grower
diet phases 1 to 3; F1–F2 for finisher diet phases 1 to 2.
b. Month/date in 2015.
c. Phase F2 were 13 days for R4–R6 and R10–R12; and 20 days for R1–R3 and R7–R9.
d. C/SBM/CP/AA (%) stand for yellow dent corn / soybean meal / total crude protein /
supplemented amino acid in % of diet. Total CP was the sum of the CP content in all
feed ingredients.

2.3.3

Pig and manure

The pigs were weighed individually at both the beginning and the end of the experiment, as well
as at the end of each growth stage. Pig numbers in each room were also recorded whenever there
were reductions.

Weekly increments of manure volumes in the under-floor pits were calculated by multiplying the
manure pit area (67.08 m2 for the two pits in each room) by the differences of manure depths,
which were obtained by subtracting the manure headspace heights from the pit depth. The manure
headspace heights were measured weekly using a Laser Distance Meter (Model Leica Disto
Special-5, Leica Geosystems Inc., Norcross, GA). Accumulated volumes of manure production
was the summations of the weekly manure increments in the same room.
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Four vacuum manure column samples were taken in each room in three growth stages. Those from
the same room were pooled and mixed for analyzing concentrations of ammonium nitrogen (NH4+N) and other variables (included dry matter, ash, phosphorus, and total nitrogen), which will be
reported elsewhere. Manure NH4+-N concentrations were measured using the Kjeldahl procedure.
2.3.4

Air quality monitoring

The swine building was equipped with a comprehensive air quality online monitoring system,
which included analyzers for gas concentration measurement, and sensors for fan operation and
airflow rate monitoring, and indoor environment monitoring.
2.3.4.1 Air sampling and gas concentration measurement
There was a total of 25 air sampling locations (ASLs) in the building. One of the ASLs was
installed in the building hallway to sample room inlet air. The other 24 ASLs were distributed in
the 12 rooms, two in each room: one at 1.2 m from the inlet of the 356-mm wall fan to sample
exhausting room air and the other inside the inlet pipe of the pit fans to sample exhausting manure
headspace air. Air samples were collected for 20 min at the inlet ASL and 10 min at other ASLs,
switching from one to the other. From February 25 to April 18, air samples were switched among
the 12 pit ASLs and the inlet air, because only pit fans were in use during this period. Starting from
April 19 to July 30, when all the wall fans were turned on, air sampling at the 12 wall fans were
activated.

Ammonia concentrations in the sampling air were measured continuously using an Innova
photoacoustic infrared multi-gas monitor (Model 1412, LumaSense Technologies, Ballerup,
Denmark). Certified zero air and span NH3 gas (49.2 ppm) were used to check the precision of the
gas analyzer weekly. The precision, expressed as relative standard deviation (RSD), was 4%
throughout this experiment.
2.3.4.2 Ventilation monitoring
The operational status of each of the 24 wall fans was monitored. The AC voltage to each wall fan
was converted to DC voltages and recorded. The static pressures between each room and its outside
end wall where the wall fans were installed were measured using a differential pressure transducer

44
(M260, Setra System, Boxborough, MA). A linear model (ventilation rate vs. static pressure) was
established for each wall fan during two fan calibration sessions before and after the experiment.
A detailed description of this method was published by Ni et al. (2015).

Ventilation rates of the pit fans were measured directly using an innovative Pit Exhaust Airflow
Measurement Assembly (PEAMA), of which the output unit was in air volume per unit of time.
The PEAMA was composed of a PVC pipe (914-mm long, 300-mm ID, and 305-mm OD), a 610mm long flow straightener, and an anemometer (Ni et al., 2016). The anemometers (Model
27106RS, R. M. Young, Traverse City, MI, USA) were calibrated in the lab before and after the
experiment.
2.3.4.3 Other measurements
Air temperatures at all ASLs were measured with T-type thermocouples. The air temperature data
were used to convert volumetric NH3 concentration in ppm to mass concentration in mg m-3 for
emission calculation. Relative humidity (RH) transmitters (Model HX92BC, Omega, Atlanta, GA,
USA) were installed in selected rooms (R1, R2, R3, and R11). Passive Infrared Detector (PID)
motion sensors (Model SRN-2000 Detector, Visonic Inc., Bloomfield, CT, USA) were installed
on the end wall of each room, 2.2 m above the floor and tilted downward at 15°, to monitor the
pig activities. The RH and activity data were used for experiment quality control.
2.3.5

Data acquisition, signal processing, and air sampling control

The multi-gas monitor and all online sensors were connected to an on-site computer system (OSCS)
for data acquisition and signal processing. The OSCS consisted of a PC, data acquisition hardware,
and custom-developed software AirDAC (Ni and Heber, 2010). Analog or digital output signals
from the monitor and sensors were acquired at 1 Hz, converted to data in engineering units, then
averaged over 15-sec and 1-min intervals and saved in two separate AirDAC data files. At 2:00
AM each day, measurement data from the previous day were automatically pre-processed to
generate data statistics and graphs in an Excel file that was delivered to researchers via an
automatic email. The OSCS also automatically controlled air sampling locations, time duration at
each location, and sequence of different locations.
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2.3.6

Data processing

Collected raw data were processed using custom software CAPECAB (Fibre Recovery Systems,
Inc., Calgary, AB, Canada). After data were imported into CAPECAB, they went through a
validation process. Raw data were plotted and subject to visual inspection. Invalid data due to the
sensor and other errors were removed after being confirmed with the experiment field note.
Validated data were corrected when necessary based on instrument and sensor calibrations. Data
of manure volume, pig number, pig weight, and NH3 concentration at individual locations were
interpolated in the CAPECAB, to match the other measurement, including ventilation and
environmental variables.

Because NH3 concentrations at multiple locations were measured using the location-shared gas
monitor, there was a transition time when switching from one location to another. During data
processing, only the last 3 min of NH3 concentration data during the 10- and 20-min sampling time
were extracted and used. Data during the 7 and 17 min transition time at the beginning of line
switching was excluded.

Ventilation rates of the 24 pit fans were calculated real-time in the OSCS. Ventilation rates of the
24 wall fans were calculated during post-measurement data processing using the fan operation
time and fan models, in which the ventilation rate was a function of the measured static pressure
across the end wall and the fan power supply voltage. The models were developed during on-site
wall fan testing (J.-Q. Ni et al., 2017b).
The unit of measured NH3 concentrations in ppm was converted to mg m-3 using the ideal gas law
before NH3 emission rate calculation. Ammonia emission rate for each room at a given minute
was calculated with Eq. (2).

Ei  (Ci , p  Cinlet )  Vi , p  (Ci ,w  Cinlet )  Vi ,w

(2)

where Ei is NH3 emission rate from ith room, mg min-1; Ci,p and Ci,w are NH3 concentrations at the
pit fan exhaust and wall fan exhaust, respectively, of the ith room, mg m-3; Cinlet is NH3
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concentration at the room inlet, mg m-3; Vi,p and Vi,w are ventilation rates of the two pit fans and
two wall fans, respectively, in ith room, m3 min-1.
Table 2-3 Means for ammonia emission rates defined and used in the data analysis.
Time coverage a

Room coverage
Individual room

2-h or 4-h sample
One day

4-room group

All 12 rooms

Group sample mean Building sample mean
Room daily mean

Group daily mean

Building daily mean

One feeding phase Room phase mean Group phase mean

Building phase mean

One growth stage

Room stage mean

Group stage mean

Building stage mean

Entire cycle

Room cycle mean

Group cycle mean

Building cycle mean

a. The 2-h or 4-h were approximate air sampling intervals at gas sampling locations before
April 19 and after April 19, respectively. They were used to calculate daily means but not
directly reported in this paper. Measurements for ventilation calculation and other
environmental variables were continuous. Outdoor temperature measurement was not
related to room coverage.
The 1-min data of NH3 emission rates were used to obtain sample means and daily means. The
phase, stage, and cycle means were calculated by averaging the daily means over the phase, stage
or cycle, respectively, for individual rooms, test group of 4 rooms, and entire building of 12 rooms
(Table 2-3). Standard deviations and statistic tests were also calculated on daily means with
relevant room coverage. The ANOVA (analysis of variance) analysis was applied to test the effects
of dietary treatment on the NH3 emissions by using the proc anova in the software SAS 9.4 (SAS
Institute Inc., Cary, NC).

Results
2.4.1

Room environmental condition

2.4.1.1 Temperature
The phase mean outdoor temperature increased throughout the experiment (Figure 2-2, top). From
N1 to G1 periods, the phase mean outdoor temperature increased from -7.4 ºC to 11.7 ºC, and the
propane heaters in the rooms were in use to maintain optimal temperatures and supply sufficient
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heat for the growth pigliets. Complete shut-off of the heaters began from phase G2 when the phase
mean outdoor temperature reached 19.3 ºC. It continued to increased and reached 24.3 ºC by the
phase F2.

From phase N1 to N4, the building phase mean temperature increased from 23.9 to 22.3 ºC in the
pits but decreased from 33.2 to 25.2 ºC in the PLS. The temperatures measured in the PLS were
higher than those in the pit during the nursery period when the heaters were in use in all rooms.
During the grower and finisher stages, the building phase mean temperatures in the pits and the
PLS were close to each other, and both increased towards the end of the cycle. From phase G1 to
F2, the building phase mean temperatures increased from 22.1 ºC to 26.0 ºC in the pits and from
23.5 ºC to 25.5 ºC in the PLS.

Throughout the experiment, the group cycle means of pit temperatures were the same for the T1
and T2 groups (both 23.8 ± 2.0 ºC), but slightly lower than that in the control group (24.1 ± 2.1
ºC). There were no significant differences in the group cycle means of the PLS temperatures (p >
0.05).
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Figure 2-2 Building phase means and standard deviations of temperatures (top) and ventilation
rates (bottom) during the entire pig cycle. PLS = pig living space.
2.4.1.2 Ventilation
The pit fans were kept on throughout the experiment. The building phase mean pit fan ventilation
rates averaged at 24.9 and 27.4 m3 min-1 for the first two phases N1 and N2, and increased to 41.9
m3 min-1 by the end of the nursery stage (Figure 2-2, bottom). It was an essential measure to
provide minimum ventilation rate during very cold days, preventing the substantial decrease of
room temperature and removing extra airborne pollutants and moisture from the room. The pit
ventilation rate maintained maximum performance during the grower and finisher stages, ranging
from 41.9 to 49.7 m3 min-1. The group phase mean of pit ventilation rate for the control group was
higher than that for the two treated groups from phase N1 to G1, but they were of the same level
for the rest of the time.

The wall fans were kept off during the nursery stage. They were off for most of the time but turned
on occasionally during phases G1 and G2, providing building phase mean ventilation rates of 9.8
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± 19.8 and 73.2 ± 43.8 m3 min-1, respectively. The wall fans were in full performance since G3
when the sensible heat was accumulated rapidly in the rooms, and timely removal of the heat was
required to keep a moderate indoor environment. The building phase mean ventilation rate reached
114.0 m3 min-1 by phase G3, and maintained maximum performance during the finisher stage. It
was 125.1 and 126.5 m3 min-1, respectively, during F1 and F2.

The group cycle mean of total ventilation rates of the control, T1, and T2 groups were 107.2 ± 63.0,
110.9 ± 64.8, 108.5 ± 65.0 m3 min-1, respectively. From phase N1 to G1, the group phase mean of
the total ventilation rate was higher for the control group than the other two groups due to the
higher pit ventilation rates. From phase G2 to F2, the group phase mean ventilation rates of the
three groups was not statistically different (p > 0.05).
2.4.1.3 Manure volume and NH4+-N content
The accumulated manure volumes throughout the cycle were control > T1 > T2, though not
significantly different (p > 0.05, Figure 2-3). This result was consistent with the findings of

Manure volume (m3)

Portejoie et al. (2004) that the amount of pig slurry decreased as the CP supply was reduced.
60

Control

T1

T2

50
40

30
20
10
0
N1

N2

N3

N4 G1
Phase

G2

G3

F1

F2

Figure 2-3 Group phase means and standard deviations of manure volumes measured at the end
of each growth phase.
The NH4+-N contents in manure were also the highest for the control group and the lowest for the
T2 group (Figure 2-4). The differences among the three groups were statistically significant during
all three growth stages (p < 0.05). This result agreed with the study of Power et al. (2007) who
showed a reduced NH4+-N content of the manure from pigs fed with low CP diet. The reduced
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NH4+-N in manure was primarily from the reduced urinary N (Canh et al., 1998b; Kerr and Easter,
1995; Portejoie et al., 2004)

NH4+-N con. (kg m-3)

8
Control

T1

T2

6
4
2
0

Nursery

Grower
Stage

Finisher

Figure 2-4 Means and standard deviations of manure NH4+-N concentrations at three growth
stages.
2.4.2

Ammonia concentration

The building phase mean pit NH3 concentrations averaged at 1.4 ± 0.3 ppm at the beginning (phase
N1) and reached 4.9 ± 3.9 ppm by the end of the experiment (phase F2). Because the sampling of
PLS NH3 concentration at the start of wall fan use from phase G1, the building phase mean PLS
NH3 concentrations were quite constant throughout the experiment: they were 3.3 ± 1.6 ppm in
phase G1, and maintained 3.3 ± 0.9 ppm in F2. Ammonia concentrations in the PLS were mostly
between 50% and 70% of those in the pits (Table 2-4).

The NH3 concentrations were lower in the treated groups than in the control group. This became
statistically different from phase N4 (p < 0.05). The measured group phase mean NH3
concentrations both in the pits and PLS followed the order of control > T1 > T2 (p < 0.05). The
differences of NH3 concentrations among the pits of the control group were much larger than those
in the two treated groups. Because there were no significant differences among the group phase
mean pit ventilation rates, higher temperature in the pit of R4 (25.1 °C) than the temperatures in
other rooms (23.7–24.1 °C) could lead to the differences among the four control rooms. Higher pit
air temperature positively affected the manure temperature, thus accelerated the bacterial
ammonification in the manure (Elliott and Collins, 1982). It could also enhance the gaseous NH3
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release from liquid manure by influencing the dissociation constant, which determined the amount
of NH3 molecular in the manure solution, and Henry’s constant, which closely associated with the
mass concentration of NH3 at the gas-liquid interface (Ni, 1999).

Table 2-4 Group phase mean ammonia concentrations (ppm).
S&P a
1
2
N
3
4
1
G 2
3
1
F
2
a.

Pit
Ctrl
1.4 ± 0.3
2.0 ± 0.4
3.3 ± 1.7
4.8 ± 2.2
7.1 ± 3.5
6.4 ± 3.2
5.3 ± 2.7
5.3 ± 3.7
7.5 ± 5.5

T1
1.4 ± 0.3
1.8 ± 0.3
2.9 ± 1.0
3.6 ± 0.9
4.2 ± 1.3
4.3 ± 1.8
4.1 ± 1.6
3.6 ± 1.7
4.0 ± 2.2

T2
1.4 ± 0.3
1.8 ± 0.4
2.7 ± 1.0
2.8 ± 0.7
2.8 ± 0.5
2.6 ± 0.6
2.7 ± 0.6
2.4 ± 0.5
3.3 ± 0.8

pb
0.45
0.20
0.07
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05

Pig living space
Ctrl
T1

T2

pb

4.8 ± 1.8
4.0 ± 2.2
2.8 ± 0.9
2.9 ± 0.9
3.9 ± 1.2

2.0 ± 0.4
2.0 ± 0.5
1.8 ± 0.3
2.0 ± 0.3
2.7 ± 0.4

< 0.05
< 0.05
< 0.05
< 0.05
< 0.05

2.9 ± 0.7
3.0 ± 1.3
2.4 ± 0.5
2.5 ± 0.4
3.3 ± 0.5

S&P, Stages and phases. N1–N4 stand for nursery diet phases 1 to 4; G1–G3 for grower
diet phases 1 to 3; F1–F2 for finisher diet phases 1 to 2.

b.

p < 0.05 indicates statistically significant differences among the means of three treated
groups.

2.4.3

Ammonia emission

2.4.3.1 Daily differences
The building cycle mean NH3 emission was 48.5 g d-1AU-1 (AU = 500 kg live mass). The highest
and the lowest room cycle mean emission rates were 110.1 (R4) and 21.5 (R7) g d-1AU-1,
respectively. The building daily mean emission rates during the experiment ranged from 3.7 to
186.2 g d-1AU-1.
In the control group, both R4 and R8 showed emission rates as high as 150 g d-1AU-1 between d
20 and d 30 (Figure 2-5). In R4, high emission rates (between 126.7 and 186.2 g d-1AU-1) lasted
until d 65 and decreased afterward. In R8, it decreased as soon as the highest rate was reached on
d 25. The highest emission rates for R1 and R11 were 66.9 and 82.1 g d-1AU-1, respectively, which
were observed between d 35 and d 90. The differences in the daily emission rates were larger in
the control group rooms than in the rooms of two treated groups.
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Figure 2-5 Comparison of daily mean ammonia emission rates from the control (top), T1
(middle), and T2 (bottom).
For the two treated groups, the highest room daily mean emission rates were observed between d
20 and d 30. In the T1 group, the maximum daily emission rates were from 52.9 to 108.8 g d-1AU1

for the four rooms; in the T2 group, they ranged from 37.8 to 79.3 g d-1AU-1. At the later stage of

the experiment, the room daily mean emission rates of the control rooms still varied substantially
within the group, but those from the two treated groups converged to similarly low levels (Figure
2-5).
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2.4.3.2 Growth stage differences
During the nursery stage, the amount of NH3 emitted from the control, T1 and T2 group accounted
for 29.7%, 30.8%, and 36.9%, respectively, of that emitted throughout the respective experimental
cycle. During the grower stage, the ratios were 49.2%, 48.8%, and 42.5%, respectively. They were
21.1%, 20.4%, and 20.6%, respectively, during the finisher stage. It was consistent in all three
groups that nearly half of the emissions were emitted during the grower stage. However, the T2
group emitted more NH3 than the other two groups during the nursery stage.
Table 2-5 Comparison of group phase mean NH3 emission rates and standard deviations.
S&P
1
2
N
3
4
1
G
2
3
1
F
2
Cycle mean
a.

NH3 emission (g d-1 AU-1) a
Ctrl
T1
T2
26.3 ± 13.6
23.5 ± 7.1
24.9 ± 7.8
41.4 ± 18.6
33.8 ± 9.7
31.5 ± 6.7
78.2 ± 51.3
61.4 ± 26.7
44.1 ± 15.4
89.5 ± 46.9
54.5 ± 20.9
37.5 ± 7.4
99.6 ± 48.8
55.9 ± 21.5
34.0 ± 7.2
80.2 ± 29.7
53.1 ± 14.8
28.2 ± 6.1
59.0 ± 23.6
47.4 ± 13.2
26.7 ± 6.1
51.3 ± 22.9
35.4 ± 8.3
21.1 ± 5.8
58.2 ± 28.4
34.3 ± 11.0
24.6 ± 8.4
68.9 ± 40.0
46.7 ± 19.5
29.8 ± 10.6

pb
0.613
0.064
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01

S&P, Stages and phases. N1–N4 stand for nursery diet phases 1 to 4; G1–G3 for grower
diet phases 1 to 3; F1–F2 for finisher diet phases 1 to 2.

b.

group phase mean ± standard deviation.

c.

p < 0.01 indicates statistically significant differences among the means of the three groups.

The highest group phase mean emission rate was observed at different growth stage for the three
groups: It was in the phase G1 for the control group, and in the phase N3 for the two treated groups.
From the phase N3, the group phase mean emissions from T2 were only 34%–45% of those from
the control group.
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Discussion
2.5.1
Effect of dietary CP reduction with AA supplementation on cycle mean NH3
emissions
The total NH3 emitted throughout the experiment were 37.3 kg, 25.0 kg, and 16.0 kg from the
control, the T1, and T2 group, respectively. The NH3 emitted from T1, and T2 groups were about
67.0% and 42.9% of that from the control group.

The group cycle mean emission from the control group was the highest among all the three groups.
It averaged at 68.9 g d-1AU-1, with the daily mean ranged from 4.6 to 186.2 g d-1AU-1. Large
differences among the rooms were found within the control group, with the standard deviation of
40.0 g d-1AU-1. The average emission rates were lower for the T1 and T2 groups, which were 46.7
± 19.5 and 29.8 ± 10.6 g d-1AU-1, respectively.

A number of dietary factors could account for the discrepancies among groups. On the one hand,
the standard diet fed to the pigs of the control group was formulated to meeting the requirement of
lysine, the most limiting AA for pig growth, resulting in excessive non-limiting AA. The excessive
non-limiting AA could be mostly catabolized and excreted from the pigs in the form of urea
(Brown and Cline, 1974; Toledo et al., 2014). Zervas et al. (2002) reported that the daily urinary
N excretion was linearly correlated with plasma urea. Otherwise, in the two treated groups,
according to Panetta (2005b), reduced dietary CP might lead to reduced mass and changed
chemical forms of excreted N, as well as the altered ratio of urinary N to fecal N.

On the other hand, the supplemented crystalline AA was more bioavailable than the AA bounded
in the feed ingredients (Figueroa et al., 2002; Toledo et al., 2014). Higher utilization efficiency
and less excretion of the supplemented AA could lead to lower NH3 emissions from the T1 and T2
groups.

Also, the CP-reduced diet of the treated groups T1 and T2 were compensated with increased corns,
which were a rich source of carbohydrates and supposed to be nearly 100% digested in the intestine
(Otto et al., 2003; Smith et al., 2004). When the intestinal microflora had access to more
carbohydrates as fermentation substrate, vigorous microbial synthesis could occur, resulting in
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increased microbial utilization of dietary N and excreted N in the feces. In addition, decreased
dietary CP could lead to reduced urinary pH by promoting the VFA (volatile fatty acids)
production (Canh et al., 1998b; Otto et al., 2003; Portejoie et al., 2004), and alleviated potential
NH3 release.
2.5.2
Effect of dietary CP reduction with AA supplementation on phase mean NH3
emissions
The NH3 emissions from the T1 and T2 group were lower than that from the control group, and this
effect became statistically significant from the phase N3 (p < 0.05, Table 2-5).

During the nursery phases N1–N3, the CP was reduced by 2.1%–2.5% for the T1 and by 4.4–5.0%
for the T2 groups; while the AA was supplied with the approximate ratio 1:3:7 (control: T1: T2,
Table 2-2). A total of 1.4 and 2.3 kg NH3 emission was reduced for the T1 and T2 groups,
respectively, compared with that emitted from the control group (Table 2-6). In phase N4, the
reduced CP was 3.7% and 7.6%, respectively, for the T1 and T2 groups; and the amino acids were
supplied only to the T1 and T2 groups, with the ratio of 0.3% and 1.0%, respectively. Throughout
phase N4, the emitted NH3 from the T1 and T2 groups was 2.0 and 2.8 kg less, respectively, than
that from the control group. The overall reduction of NH3 during the nursery stage was 3.3 kg for
the T1 and 5.1 kg for the T2 groups, compared with the control group.
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Table 2-6 Reduced ammonia emissions of the treated groups compared with the control group.
S&Pa

CP diff.
(%) 1
T1 T2
2.1 4.4
2.2 4.7
2.5 5.0
3.7 7.6

AA diff.
(%) b
T1 T2
0.2 0.5
0.2 0.6
0.2 0.6
0.3 1.0

1
2
N 3
4
Total
1
3.8 7.7 0.3 1.0
2
3.7 7.8 0.3 1.0
G
3
3.7 7.8 0.3 1.0
Total
1
3.1 6.4 0.3 0.9
F 2
2.5 5.2 0.2 0.7
Total
Cycle Total
a. S&P, Stages and phases.

Accum. NH3
Accum. diff.
(kg) c
(kg) d
Ctrl.
T1
T2
T1
T2
0.66 ± 0.01 0.47 ± 0.01 0.60 ± 0.01
0.19
0.06
1.12 ± 0.02 0.88 ± 0.01 0.85 ± 0.01
0.24
0.27
4.38 ± 0.05 3.44 ± 0.03 2.38 ± 0.02
0.94
1.99
4.92 ± 0.05 2.95 ± 0.02 2.10 ± 0.01
1.98
2.82
11.07 ± 2.2 7.73 ± 1.48 5.93 ± 0.89
3.34
5.14
7.17 ± 0.05 4.08 ± 0.02 2.41 ± 0.01
3.09
4.76
6.25 ± 0.03 4.14 ± 0.01 2.14 ± 0.01
2.11
4.11
4.96 ± 0.02 3.98 ± 0.01 2.24 ± 0.01
0.98
2.72
18.38 ± 1.11 12.21 ± 0.08 6.80 ± 0.14
6.17
11.59
4.26 ± 0.01 2.98 ± 0.01 1.73 ± 0.01
1.28
2.53
3.61 ± 0.03 2.09 ± 0.01 1.52 ± 0.01
1.52
2.09
7.87 ± 0.46 5.07 ± 0.63 3.26 ± 0.15
2.80
4.61
37.33 ± 2.14 25.01 ± 1.37 15.98 ± 0.67 12.32 21.35
N1–N4 stand for nursery diet phases 1 to 4; G1–G3 for grower

diet phases 1 to 3; F1–F2 for finisher diet phases 1 to 2.
b. CP diff. and AA diff. are crude protein difference and amino acid difference, respectively,
between the control and the specific treated group.
c. Accum. diff. is differences of accumulative NH3 mass between the control group and the
specific treated group.

During the grower stage, the percentages of the reduced dietary CP were 3.7% in the T1 and 7.8 %
in the T2 groups, and the AA was supplied to the two treated groups only (0.3% to T1 and 1.0% to
T2, Table 2-2). The emitted NH3 from the control group decreased substantially, from 7.2 kg in G1
to 5.0 kg in G3; but that from the two treated groups were quite constant, about 4.1 kg per phase
from the T1 group and 2.2 kg per phase from the T2 group (Table 2-6). The total amount of NH3
emitted from the control, T1 and T2 groups were 18.4, 12.2 and 6.8 kg, respectively, during the
grower stage.

During the finisher stage, the emitted NH3 was 7.9, 5.1 and 3.3 kg from the control, T1, and T2
group, respectively. A total of 2.8 and 4.6 kg NH3 was reduced for the T1 and T2 group, compared
with the control.
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2.5.3

Non-dietary influencing factors

Ammonia emission from a confined pig building was mainly influenced by the building ventilation
rate and the NH3 release rate at manure surface. The release rate of NH3 was primarily affected by
the TAN (total ammoniacal nitrogen) concentration in manure, the mass transfer coefficient, which
was dependent on temperature, the air velocity over the manure emitting surface, and the area of
emitting surface (Monteny and Erisman, 1998; Philippe et al., 2011).

Though not significantly different, the group cycle mean pit temperature and pit ventilation rate
were also the highest for the control group and the lowest for the T2 group. This could contribute
to the higher emission rates of the control group and lower of the T2 group.

Pig weights did not demonstrate as a direct influence factor on NH3 emissions in this study. The
treatments had little impacts on the group phase mean pig weight and weight gains (p > 0.05). In
the meanwhile, the temperature and ventilation rate were not likely to be influenced by the heat
production of pigs. The total heat production from finishing pigs at 20 °C was related to the pig
weight and the surrounding temperature (CIGR, 2002). In this study, the group phase mean pig
weight and room temperature were not significantly different among groups. Therefore, the heat
produced by the three groups was not expected to cause substantial differences among the groups.
Manure NH4+-N concentration was the highest for the control group and the lowest for the T2
group (p > 0.05 during the finisher stage). The manure NH4+-N concentration of the T1 group
corresponded to 13.7%, 17.5% and 9.1% less than that of the control group, respectively, during
the nursery, grower and finisher stages. Pigs in the T2 group corresponded to an NH4+-N reduction
of 39.8%, 37.3% and 24.3%, respectively. This might have directly lead to less NH3 emissions
from the two treated groups.

Conclusions
The following conclusions were drawn:
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1.

Reduction of dietary CP decreased accumulated manure volumes and the manure NH4+-

N concentrations. The higher NH4+-N concentrations, along with higher pit temperatures and
ventilation rates, contributed to the higher NH3 emissions from the control group.
2.

The diet CP reduction with AA supplementation effectively mitigated NH3 emissions.

Compared with the control group, T1, and T2 reduced NH3 emissions by 33.0% and 57.2%,
respectively.
3.

The peak NH3 emissions were observed in the nursery stage N3 for the two treated groups,

but delayed for the control group in grower stage G1.
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3. IDENTIFIED AND UNIDENTIFIED FACTORS ON
AMMONIA EMISSIONS

Abstract
Large variabilities in ammonia (NH3) emissions from different swine buildings were frequently
reported, but the factors influencing the emissions were not sufficiently investigated. In this study,
NH3 emissions and other relevant environmental variables under controlled conditions in a 12room experimental swine building were continuously monitored for a 155-d complete wean-tofinish cycle. The pig diet, total pig weight and the pit manure volume were identified as the major
influencing factors for the variabilities by using multivariate linear regression. Two other existing
factors that imposed substantial influences on the NH3 emission variabilities were also detected by
using panel data analysis with heterogeneous time trends, although their physical properties could
not yet be identified.
Keywords: Air quality; animal feeding operation; pollutant emissions; swine production

Introduction
Livestock and poultry industry is a primary source of ammonia (NH3) emissions, estimated at
approximately 39% of the global NH3 emissions (Galloway et al., 2004). Ammonia emitted from
livestock and poultry operations has been known to impose potential environmental impacts. As
an important alkaline gas, NH3 reacts with a number of acid gases, stimulating the formation of
airborne fine particles, including ammonium aerosols. The deposition of NH3 can contribute to
soil acidification and water body eutrophication (Behera et al., 2013). Ammonia has also been
reported to cause adverse health effects after both short-term and long-term exposures (Swotinsky
and Chase, 1990). The relationship between NH3 and the baseline lung functions was claimed to
be significant among the pig farmers (Preller, 1995). Previous studies also showed that exposure
to high NH3 concentrations decreased the growth rates of young pigs (Drummond et al., 1980).

Many previous studies have been devoted to quantify NH3 emissions from swine buildings (e.g.,
Rahman and Newman, 2012; Stinn et al., 2014; Heber et al., 2008). However, large variabilities
existed among the reported magnitudes of NH3 emission rates (Philippe et al., 2011; Reidy et al.,
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2008). For example, the NH3 emissions from swine buildings ranged from 0.79 to 124.2 kg yr-1
AU-1 from more than 90 reported studies (Liu et al., 2014).

There are many factors influencing NH3 emissions from swine buildings. Identified factors are
those with known physical properties and are statistically correlated to the emissions. Unidentified
factors are those with unknown physical properties, but can be mathematically correlated to the
emissions. Various identified influencing factors on NH3 emissions from swine production have
been reported in previous studies, from either laboratory research or field investigations. These
factors are usually related to pig, feed, manure, ventilation, building design, and production
management (Table 3-1).

Studies have been conducted at different geographical locations and with different research
methodologies. These might be among the key reasons of the variabilities in emission data.
However, the variabilities were also found within the same studies, in which the particular reasons
of locations and methodologies could usually be eliminated. The fact that unexplainable
variabilities have been reported within the same studies among experiment replications, e.g., NH3
emissions from two identical gestation buildings varied substantially (31.3 versus 20.1 kg d-1)
(Cortus et al., 2010), suggests that there were important unidentified influencing factors remaining
to be investigated.

Previous empirical analysis on NH3 emissions mostly relied on multivariate regression (BlanesVidal et al., 2008; Li et al., 2011; Liu et al., 2014; Saha et al., 2014), which can provide a rough
idea about the contributions of identifiable influencing factors to the variations of emissions
(Blanes-Vidal et al., 2008). However, in-depth data analyses and new approaches are needed to
discover knowledge and explore unidentified factors on NH3 emissions. The power of
mathematical data analysis has been well demonstrated in the history of scientific discoveries. One
example was the prediction of the existence of Neptune before it was actually observed by an
astronomer in 1846. Therefore, using the real-world data, in-depth data analysis may help to detect
the unidentified factors in NH3 emissions.
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Ammonia data obtained from continuous monitoring at different emission locations are multidimensional time series data, which can be considered as the panel data, or longitudinal data. A
new panel data analysis with heterogeneous time trends can enable estimation of model parameters
of both identified variables and unidentified heterogeneous effects (Bada and Liebl, 2014). Unlike
classical panel models, which assume that unidentified heterogeneity is constant over time, the
new panel data analysis assumes that the time-varying individual effects are generated by a number
of common time-varying factors. However, application of this method in NH3 emission studies
has not been found in the available literature.

A recent study in a 12-room experimental swine building with continuous monitoring over a
complete wean–finish cycle demonstrated significant reductions in NH3 emissions from eight of
the rooms, in which the pigs were fed reduced crude protein (CP) diets with supplemented
synthetic amino acids (AA) (Liu et al., 2017). Moreover, the study also revealed large variabilities
among the rooms with the same treatment (diets) and under quasi-identical management and
environment conditions (e.g., temperature, ventilation rate). This phenomenon implied that there
must have been unidentified influencing factors that affected the NH3 emissions from these rooms.

The objective of this study was to advance the knowledge about NH3 emissions by revealing the
contribution of the identified influencing factors on the variabilities of NH3 emissions among the
12 rooms by using multivariate regression; and to get insights about the contribution of uncovering
unidentified factors by using panel data analysis with heterogeneous time trends.
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Table 3-1 Identified factors influencing ammonia emissions from swine production reported in
the literature.
Factors

Major findings
Select references
- Number and weight of pigs positively correlated to NH3
Philippe et al.
Pigs
emissions. - Ammonia emission (g d-1 AU-1): fattening
(2011)
pigs > weaned piglets > lactating sows > gestating sows.
Aarnink et al.
- Active pigs urinated and changed the area of emission
(1996);
surface; moved more and accelerated air movement;
Patricia de Sousa
Pig activity
produced more heat and required higher ventilation rate.
and
Pedersen
- Pigs were more active in the daytime. Activity patterns
(2004); Ni et al.
were different for piglets and fattening pigs.
(2017b)
Hayes et al. (2004);
- Crude protein positively affected NH3 emissions.
Feed
Canh et al. (1998);
- Fiber content negatively affected NH3 emissions.
Liu et al. (2017)
Manure
N - Manure N concentrations positively affected NH3
Leek et al. (2007)
concentration emissions.
Manure
- Manure temperature positively affected NH3 emissions. Ye et al. (2011)
temperature
Manure pH
- Manure pH positively affected NH3 emissions.
Ye et al. (2008a)
Manure
- Higher manure volume was related with smaller pit
Ye et al. (2009)
volume
headspace and might increase air exchange rate in the pit.
- Ventilation affected air velocity over manure surface
and releases of NH3 from manure.
Ye et al. (2008b);
Ventilation
- Ammonia emission rates increased as the ventilation rate Saha et al. (2010)
increased at certain air inlet opening.
- Ammonia emission was higher from rooms with the Cabaraux et al.
fully slatted floor than that with the partially slatted floor. (2009);
Floor type
- Type of bedding materials played an important role in Sun et al. (2010).
NH3 emissions.
- The amount of fouling influenced the urease activity,
Aarnink et al.
although the effects were very limited after 7–15 days of
(1997);
Floor
repeated fouling.
Ni et al. (1999);
dirtiness
- Fouling floor increased towards the end of the growing
Cortus et al. (2008)
period and was related to pig weight and room
temperature.
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Materials and Methods
3.3.1

Experiment

3.3.1.1 Building description
The 12-room experimental swine building is located at the Animal Research and Education Center,
Purdue University, West Lafayette, Indiana. There are six 11.0 × 6.1 × 2.7 m (L × W × H) rooms
along each of the south and north walls. The pig room is comprised of a pig living space (PLS)
and two isolated 1.8-m deep manure pits under fully-slatted concrete floors. Each PLS includes 6
to 12 adjustable-size pens, with a housing capacity of 60 finishing pigs (Figure 3-1).
North
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Figure 3-1 The east-side view of the experimental swine building showing sampling and
measurement locations (Liu et al., 2017).

Fresh outdoor air enters the building through two curtain-covered inlets above the east and west
doors of the building. The air flows to the PLS in each room via three baffled V-shaped ceiling
inlets and a perforated 38-cm diameter PVC air pipe along the room and 20 cm below the ceiling.
One propane heater (Model 379K, L.B. White Co. Onalaska, WI, USA) is installed in each room
to provide necessary heating in winter. The indoor temperatures and ventilations of each room are
independently controlled with a Fancom controller (Model FCTC, Fancom BV, Panningen, The
Netherlands).

There are four direct-driven ventilation fans in each room: two variable-speed 250-mm diameter
pit fans (Model P4E30, Multifan, Bloomington, IL, USA) and two single-speed wall fans: one of
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356-mm diameter (Model V4E35, Multifan) and the other of 508-mm diameter (Model V4E50,
Multifan).
3.3.1.2 Experiment design
The experiment was conducted for a total of 155 days in 2015. Weaned piglets were moved into
Room 1–6 on February 25 and into Room 7–12 on March 4. Each room was filled with 60 piglets,
weighed from 4.5 to 13.0 kg at the move-in (Table 3-2). Pigs were of the same breed and fed based
on three stages: nursery (from weaned to 25 kg), grower (from 25 to 70 kg), and finisher (from 70
kg to market weight). The durations of nursery, grower, and finisher phases were from February
25 to April 9, from April 10 to June 11, and from June 12 to the end of the experiment, respectively,
for R1–R6; and from March 4 to April 16, from April 17 to June 18, and from June 19 to the end
of the experiment, respectively, for R7–R12.

Table 3-2 Experimental design and pigs at the start- and end-of-experiment in 2015.
Experiment design Start of experiment

End of experiment

Total
Pig
days
Pig Pig weight
Pig
Room
Diet a
Date
Date
weight (d)
(n)
(kg)
(n)
(kg)
1
Ctrl
Feb. 25
60
5.4
July 23
58
130.4
148
2
T1
Feb. 25
60
5.4
July 23
59
131.2
148
3
T2
Feb. 25
60
5.4
July 23
57
126.3
148
4
Ctrl
Feb. 25
60
7.2
July 16
57
129.6
141
5
T1
Feb. 25
60
7.1
July 16
60
129
141
6
T2
Feb. 25
60
7.1
July 16
59
124.9
141
7
T2
March 4 60
5.4
July 30
60
126.3
148
8
Ctrl
March 4 60
5.5
July 30
59
128.6
148
9
T1
March 4 60
5.4
July 30
57
128.9
148
10
T1
March 4 60
6.9
July 23
58
127.1
141
11
Ctrl
March 4 60
6.9
July 23
59
127.5
141
12
T2
March 4 60
6.9
July 23
60
122.8
141
a. Ctrl, T1 and T2 stand for the control group, treated 1 group, and treated 2 group, respectively.

The pigs in the 12 rooms were divided into three groups: control, treated 1 (T1), and treated 2 (T2).
The control group included R1, R4, R8, and R11. The T1 group included R2, R5, R9, and R10; the
T2 group R3, R6, R7, and R12. The control group was fed standard diet, and the T1 and T2 groups
were fed diets of 2.1–3.8% and 4.4–7.8% reduced CP, respectively. Artificial amino acids (AA)
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were supplemented to the CP-reduced feed of the T1 and T2 groups to ensure sufficient dietary
essential AA. More detailed description of the experiment was provide in Liu et al. (2017).
3.3.1.3 Monitoring and data acquisition
The swine building was equipped with instruments and sensors for monitoring gas concentrations,
room ventilation, and other environmental conditions. Ammonia was monitored continuously
using a photoacoustic infrared multi-gas monitor (Innova Model 1412, LumaSense Technologies,
Ballerup, Denmark). Standard zero air and span NH3 gas (49.2 ppm) were used to check the
precision of the instrument weekly.

There were a total of 25 air sampling locations (ASL) in the building: one ASL was in the hallway
for fresh air to the rooms, 12 ASLs were in the pig rooms at 1.2 m in front of the 356-mm wall
fans for exhaust air from the PLS, and the remaining 12 ASLs were inside the inlet pipes of the pit
fans for exhaust air from pit headspace. Air samples were collected for 20 min at the hallway ASL
and 10 min at each of all other ASLs. Only the air samples from the pit headspace were collected
from February 25 to April 18. Starting from April 19, air sampling in the PLS was activated when
the wall fans were put into use.

Ventilation rates of the pit fans were directly measured using Pit Exhaust Airflow Measurement
Assemblies

(PEAMA),

of

which

the

real-time

outputs

were

in

volume

time-1 (Ni et al., 2016). Ventilation rates for the 24 wall fans were obtained indirectly with postmeasurement calculation using measured fan operation status and room static pressures, and fan
models, which described fan ventilation rates as a function of static pressures and power voltages
and were determined with on-site fan testing (Ni et al., 2017a).

Thermocouples of T-type were installed at each ASL for temperature monitoring. Relative
humidity (RH) transmitters (Model HX92BC, Omega, Atlanta, GA, USA) were installed four
selected rooms (R1, R2, R3, and R11). Pig activities were monitored using passive infrared
detectors (PID, Model SRN-2000, Visonic Inc., Bloomfield, CT, USA) (Ni et al., 2017c). Volumes
of manure in all manure pits were calculated by multiplying the pit area (33.1 m2 pit-1) by the
manure depths, which were measured weekly using an infrared distance meter (Model Leica Disto
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Special-5, Leica Geosystems Inc., Norcross, GA, USA). The pigs were weighed individually at
the beginning and the end of the experiment, as well as at the end of each growth stage. Vacuum
manure column samples were taken from each room in three growth stages, for analysis of manure
NH4+-N concentrations (Bremner and Keeney, 1965), pH, and other variables.

Signals from the Innova gas analyzer and all on-line sensors were acquired at 1-Hz frequency,
converted to engineering units, and averaged over 15-s and 1-min intervals and saved into two
separated data files in an on-site computer system (OSCS). Measurement data were also
automatically pre-processed everyday and the results were delivered to researchers via automatic
emails (Ni and Heber, 2010).
3.3.1.4 Data processing
Only the last 3 min of NH3 concentrations of the 10-min and 20-min measurement at each ASL
was used during data processing to minimize the effects of NH3 concentrations measured at the
previous ASL. The measurement data were inspected visually, validated, and processed using
custom software CAPECAB (Fibre Recovery Systems, Inc., Calgary, AB, Canada). Invalid data
due to equipment maintenance, sensor failure, and other errors were invalidated and removed from
further analysis. Validated data were corrected based on instrument or sensor calibrations. Data of
manure volume, pig number, and pig weight were imported and interpolated in CAPECAB to
synchronize with NH3 concentrations, ventilation rates, and other monitored environmental
variables.
The unit of measured NH3 concentrations in ppm was converted to mg m-3 using the ideal gas law
before NH3 emission rate calculation. Ammonia emission from each room at a given minute was
calculated with Eq. (3):

E = (C p - Cinlet ) ´Vp + (Cw - Cinlet ) ´Vw

(3)

where E is NH3 emission rate at the room, mg min-1; Cp and Cw are NH3 concentrations at the pit
fan exhaust and wall fan exhaust, respectively, of the room, mg m-3; Cinlet is NH3 concentration at
the building hallway, mg m-3; Vp and Vw are ventilation rates of the two pit fans and two wall fans,
respectively, in the room, m3 min-1.
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The PLS temperature measured in R11 was substituted by the temperatures measured in the
adjacent rooms R9 because the failure of temperature sensors. The 1-min data at different
measurement durations were averaged to obtain daily means. Cycle means were calculated by
averaging the daily means over the pig cycle durations. Group cycle means were cycle means of
the specific treatment group, i.e., control, T1, or T2 (Liu et al., 2017).

3.3.2

Data analysis for influencing factor study

3.3.2.1 Multivariate regression analysis
The contribution of the identifiable influencing factors to the variabilities of NH3 emissions among
the 12 rooms was analyzed statistically. To focus the analysis on the variabilities of NH3 emissions
among rooms and eliminate the trends of the time series datasets, differences in the variables
measured in all 2-room pairs were taken.
2

First, the 12 pig rooms were divided into a total of sixty-six 2-room pairs ( C ).
12

Second, the differences in the NH3 emission rates between the two rooms in all 2-room pairs
(NH3.diff) were calculated. The differences in NH3 emissions between Room x and Room y were
obtained by minus the same-day NH3 emission rate of Room x from that of Room y (x < y). Data
were considered valid only when NH3 emission rate of both Room x and Room y were valid.

Third, the differences in other monitored variables, including manure volume, total pig weight, pig
age, total ventilation rate, pit air temperature, PLS air temperature, and pig activity, between the
two rooms of all 2-room pairs were calculated. Taking differences of the variables measured in the
two rooms of the 2-room pairs helped focus the analysis on the variabilities in NH3 emissions
among pig rooms and eliminate the trends of these time series datasets.

Multivariate regression analysis with SAS 9.4 (SAS Institute Inc., Cary, NC, USA) was used to
analyze the contribution of the variabilities of monitored variables to the variabilities of NH3
emissions among the 12 rooms. The NH3.diff dataset was treated as response variables. The data
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sets of MV.diff, TPW.diff, Act.diff, Vent.diff, PitT.diff, and PLST.diff were taken as explanatory
variables. The stepwise regressions model was used for the explanatory purpose. The generated
statistic “adjusted R2” was used to provide a rough idea of the contribution of the selected set of
explanatory variables to the variances of response variables (Blanes-Vidal et al., 2008).
3.3.2.2 Panel data analysis with heterogeneous time trends
The investigation of the unidentified (or hidden) factors was based on the continuously monitored
datasets from all 12 rooms. The data were treated as a dynamic panel data set, of which the time
trends, individual effects, the significance of the identifiable factors were analyzed along with the
unidentified heterogeneity by using panel data analysis with heterogeneous time trends (Bada and
Liebl, 2014; Kneip et al., 2012). Software R (R Core Team, 2016) and R-package phtt (Bada and
Liebl, 2014) were used to perform the analysis. The model selected in this study is shown in Eq.
(4):

E     xitT  i  t  t   it
where

Eit

(4)

is measured NH3 emission rate for the ith room at time t, g d-1; m is intercept;  is

T
parameter matrix to be estimated; xit is transposed variable matrix, which is composed of time

series of manure volume (m3), ventilation rate (m3 min-1), PLS air temperature (°C), pit headspace
air temperature (°C), total pig weight (kg), and pig activity (V);  i is time-constant individual
effects; t is common time-varying effect; t is time-varying individual effects; and  it is timevarying error term.

Results and Discussion
3.4.1

Temperature, ventilation, and manure

3.4.1.1 Temperature
The group cycle means of pit temperatures was higher in the control group (24.1 ± 2.1 ºC) than
those in the T1 and T2 groups (both 23.8 ± 2.0 ºC). This was because the measured temperature in
R4 (24.6 ± 0.8 ºC) was much higher than that in all other rooms (21.5–23.8 ºC) between Feb. 25
and Apr.30 when the heaters were kept on (Figure 3-2 and Figure 3-3). Substantially higher pit
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temperature in R4 could result in higher NH3 release rate by promoting the dissociation constant,
which determined the amount of NH3 molecules in the manure solution, and Henry’s constant,
which was closely associated with the mass concentration of NH3 in the gas-liquid interface (Ni,
1999). From May 1, when the heaters were shut off and the wall fans were turned on due to the
rising outdoor temperatures, the pit temperatures increased in all 12 rooms, ranging from 23.7 ºC
(in R9) to 25.9 ºC (in R1).

The group cycle mean PLS temperatures were very close among the three groups (25.6–25.7 ºC).
The temperatures in the pig rooms were slightly higher between Feb. 25 and April 30 (26.5–26.7
ºC in the 12 rooms) than those measured after May 1 (24.8–25.0 ºC in the 12 rooms).
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Figure 3-2 Air temperatures in manure pit headspace.
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Figure 3-3 Air temperature in the pig living space.
3.4.1.2 Ventilation rate
There were no significant differences in the group cycle means of total ventilation rates among the
three groups (p > 0.05). From Feb. 25 to April 30, only the pit fans were in operation and
substantial variations of the mean ventilation rates were among the 12 rooms (Figure 3-4 and
Figure 3-5), ranging from 23.7 to 60.3 m3 min-1. From May 1, when both pit fans and wall fans
were kept on, the total ventilation rates ranged from 130.1 to 173.4 m3 min-1 among the 12 rooms.
The ventilation rates at R12 (cycle mean 86.4 ± 61.9 m3 min-1) were much lower than those of the
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other 11 rooms (cycle means 100.6–119.4 m3 min-1) throughout the experiment. The ventilation
rates at of R5 were the highest (cycle mean 119.4 ± 63.7 m3 min-1).
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Figure 3-4 Ventilation rates provided by the pit fans in 12 pig rooms.
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Figure 3-5 Ventilation rates provided by both pit and wall fans in 12 pig rooms.
3.4.1.3 Manure volume and manure NH4+-N concentration
The group cycle mean manure volume was 51.7 ± 8.6, 47.8 ± 7.9, 45.4 ± 4.4 m3, respectively, for
the control, T1, and T2 groups. The higher mean volume for the control group was a result of higher
manure volume in R11. The manure volume in R11 was the highest of all pig rooms throughout
the experiment and was 62.0 m3 by the end of the experiment (Figure 3-6). The volumes in the
other 11 rooms ranged from 37.9 m3 (in R9) to 57.0 m3 (in R2).
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The differences in manure volume among the rooms were a combined result of the excretion of
pigs and the water dripping from the water saver nipples. Daily emission rates could increase as
the accumulation of manure lead to higher manure volume and less pit headspace, and therefore,
higher air exchange rates in the pit (Ye et al., 2009; Ye et al., 2008b). It was also reported that the
depths of slurry in swine buildings had significant correlations with NH3 emissions (Buiter and
Hoff, 1998; Zong et al., 2014a). Manure volume was, therefore, a potential variable leading to the
different NH3 emission rates among the rooms.
The manure NH4+-N concentrations were higher in the control than the T1 and T2 groups (Figure
3-7). The NH4+-N concentrations averaged at 3.4 ± 1.1, 3.0 ± 0.7, and 2.3 ± 0.5 kg m -3 for the
control, T1, and T2 group, respectively, at the end of the experiment (p < 0.05). Of all 12 rooms,
the NH4+-N measured at the end of grower stage showed the highest concentrations. The highest
NH4+-N concentration was observed in R4, followed by R1. The lowest NH4+-N concentrations
were found in R11 and R7.
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Figure 3-6 Manure volume in the 12 pig rooms during the entire pig cycle.
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Figure 3-7 Manure NH4+-N concentration in the 12 pig rooms during three growth stages.
3.4.1.4 Pig activity
The pig activity in the 12 rooms were published in Ni et al. (2017b), where the diurnal patterns
were identified and pigs were found to be more active between post-weaning day 30 and 100
(Figure 3-8). In this study, the magnitudes of pig activity were not significantly different among
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the three groups (Figure 3-8Figure 3-8). The group cycle mean were 0.5 ± 0.1, 0.4 ± 0.1, and 0.5
± 0.2 V for the control, T1, and T2 group, respectively.
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Figure 3-8 Daily pig acitvitiies in the control (top), T1 (middle), and T2 (bottom) groups.
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3.4.2

Ammonia concentrations and emissions

3.4.2.1 Ammonia concentrations
In all 12 rooms, the NH3 concentration was higher in the pit and lower in the PLS (Figure 3-9 and
Figure 3-10). The cycle mean pit concentration was 5.3 ± 3.6, 3.6 ± 1.7, and 2.6 ± 0.8 ppm,
respectively, for the control, T1, and T2 group. The cycle mean PLS concentrations were 3.6 ± 1.6,
2.8 ± 0.8, and 2.1 ± 0.5 ppm, respectively. Larger variabilities in NH3 concentrations were
observed in the pit than that in the PLS and occasional peaks of NH3 concentrations in the PLS
coincided well with those in the pits.

Among the 12 rooms, the highest cycle mean pit NH3 concentration was observed in R4 (8.9 ± 4.1
ppm), which was correlated to the highest pit temperature in R4. The lowest pit temperature was
in R7 (2.1 ± 0.5 ppm). The highest cycle mean PLS NH3 concentration was found in R1 (4.3 ± 1.4
ppm) and the lowest was in R7 (1.9 ± 0.4 ppm).
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Figure 3-9 Daily mean ammonia concentrations in manure pit headspace.
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Figure 3-10 Daily mean ammonia concentrations in pig living space.
3.4.2.2 Ammonia emissions
Consistent with the patterns reported by Aarnink et al. (1995), the NH3 emissions increased as the
experiment moved forward and the pigs grew bigger. The NH3 emissions from the 12 pig rooms
varied considerately although the rooms were designed and managed quasi-identically (Figure
3-11). The high emission rates at R4 and R5 were responsible for the large variabilities within the
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conrol and T1 groups, respectively. The emission rates at the four T2 rooms were very close to each
other.
The cycle mean NH3 emission from each room was 429.7 ± 317.3 g d-1 for the control group,
ranging from 287.8 to 708.6 g d-1 in the four rooms; 290.8 ± 180.2 g d-1 for the T1 group, ranging
from 211.5 to 393.9 g d-1; and 167.9 ± 101.0 g d-1 for the T2 group, ranging from 123.0 to 208.9 g
d-1 (Table 3-3). The CP-reduced diet decreased NH3 emissions from the two treated groups (Liu et
al., 2017).
Table 3-3 Ammonia emissions from the 12 pig rooms (g d-1).
Group and room
Control group
R1
R4
R8
R11
Mean
T1 group
R2
R5
R9
R10
Mean
T2 group
R3
R6
R7
R12
Mean

Min

Max

Mean

Std

3.5
24.7
26.6
12.2

852.2
1528.0
870.7
586.5

305.1
708.6
415.0
287.8
429.7

236.2
402.8
211.9
161.0
317.3

9.4
21.8
13.6
17.4

636.0
694.2
466.8
632.6

211.5
393.9
230.9
318.2
290.8

158.0
192.5
135.4
174.4
180.2

15.9
15.7
12.9
17.0

465.2
459.5
282.3
453.2

170.9
208.9
123.0
168.7
167.9

106.4
107.4
74.8
93.9
101.0
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Figure 3-11 Daily mean ammonia emissions from the control (top), T1 (middle), and T2 (bottom)
groups.
3.4.3

Identified and unidentified influencing factors

3.4.3.1 Differences in ammonia emission and influencing factors among rooms
Though the 12 rooms were almost identical and under the same management, there were large
variabilities in all measured variables both within groups and among the 12 rooms. The differences
of measured variables between all 2-room pairs are summarized in Table 3-4. The NH3 emission
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variabilities among 12 pig rooms were considerate, and the cycle mean was 181.1±145 g d-1. The
largest difference was between R3 and R12, and the smallest between R4 and R7. The cycle mean
differences were largest for the rooms of the control group, averaged at 253.1 ± 231.6 g d-1, and
smallest for the T2 groups, averaged at 56.2 ± 41.6 g d-1.

Table 3-4 Statistics of the differences in measured variables between all 2-room pairs.
NH3 a
(g d-1)
Control group
n
661
Mean 253.1±231.6
86.9±120.4
Min
(1, 11)
447.0±286.8
Max
(4, 11)
T1 group
n
656
Mean 116.0±88.0
40.3±45.5
Min
(2, 9)
191.8±82.0
Max
(5, 9)
T2 group
n
651
Mean
56.2±41.6
37.2±39.9
Min
(3, 12)
98.3±36.3
Max
(6, 7)
12 rooms
n
7260
Mean 181.1±145.9
37.2±39.9
Min
(3, 12)
621.3±337.0
Max
(4, 7)

Vent a
(m3 min-1)

PitT a
(°C)

PLST a
(°C)

MV a
(m3)

TPW a
(kg)

Act a
(V)

795
13.6±17.0
6.9±7.3
(8, 11)
18.1±20.0
(4, 11)

412
1.6±1.9
1.3±1.9
(1, 11)
2.2±2.2
(4, 11)

646
1.0±1.8
0.7±0.4
(4, 11)
1.4±1.0
(1, 4)

800
3.9±4.0
0.7±1.4
(1, 4)
7.1±4.5
(4, 11)

805
300.5±159.3
150.3±55.8
(1, 4)
541.5±98.1
(4, 8)

390
0.10 ±0.08
0.04±0.03
(8, 11)
0.24±0.09
(1, 4)

781
17.6±23.2
5.7±4.5
(9, 10)
25.9±30.5
(5, 10)

828
1.5±1.8
0.9±2.1
(2, 10)
2.3±2.5
(2, 9)

774
1.0±0.8
0.6±0.3
(9,10)
1.3±1.0
(2,5)

800
2.9±3.0
2.1±1.5
(2, 5)
4.3±3.8
(2, 9)

805
404.8±239.2
183.0±57.7
(2, 10)
753.8±250.5
(5, 9)

787
0.08±0.07
0.07±0.04
(5, 10)
0.11±0.08
(9, 10)

760
21.6±24.7
4.8±6.1
(3, 6)
35.5±26.5
(6, 12)

822
1.1±2.1
0.5±0.4
(3, 6)
1.4±1.6
(7, 12)

763
1.1±1.1
0.5±0.4
(6, 7)
1.2±1.1
(7, 12)

794
1.9±1.9
0.5±0.5
(6, 12)
3.3±2.3
(3, 12)

799
320.3±204.3
111.5±66.4
(3, 12)
607.5±144.0
(6, 7)

774
0.15±0.12
0.05±0.04
(3, 12)
0.28±0.09
(6, 7)

8599
15.9±7.5
3.7±3.3
(7, 8)
40.0±30.5
(5, 12)

7580
1.3±0.5
0.5±0.4
(3, 6)
3.0±2.1
(4, 9)

8542
0.9±0.4
0.3±0.2
(7, 8)
1.6±1.1
(1, 5)

8832
2.8±2.0
0.5±0.5
(6, 12)
9.1±6.5
(3, 11)

8831
307.1±189.0
29.1±24.7
(10, 11)
778.9±238.0
(5, 7)

7193
0.11±0.06
0.04±0.03
(8, 11)
0.28±0.09
(6, 7)

a. Cycle mean differences ± standard deviation of difference between the two paired rooms;
NH3, Vent, PitT, PLST, MV, TPW, and Act are the differences of NH3 emission rate, total
ventilation rate, pit temperature, pig living space temperature, manure volume, total pig
weight and pig activity, respectively, between the two paried-rooms; Numbers in
parentheses are room numbers in the 2-room pairs.
b. Days of pig age difference.
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The differences of ventilation rates among the 12 rooms were not substantial, averaged at 15.9 ±
7.5 m3 min-1. The largest difference (40.0 ± 30.5 m3 min-1) was between R5 and R12. The cycle
mean difference in pit temperature (1.3 ± 0.5 ºC) was higher than that in the pig living space (0.9
± 0.4 ºC). The largest difference of pit temperature reached as high as 3.0 ± 2.1 ºC between R4 and
R9. The cycle mean difference of manure volume was 2.8 ± 2.0 m3 and the largest difference was
observed between R3 and R11 (9.1 ± 6.5 m3). The largest difference in total pig weight was
between R5 and R7 because there was a one-week gap in the move-in date and a difference of 1.7
kg in initial weight of the piglets between the two rooms.

3.4.3.2 Identified influencing factors
The relative contribution of the identified influencing factors to the differences of NH3 emissions
among rooms differed for the three groups. The identified primary contributors were total pig
weight, ventilation rate, and pig living space temperature for the T1 group and total pig weight,
manure volume, and pig activity for the T2 group. Total pig weight significantly contributed to the
variabilities of NH3 emissions among both treated groups. When the relative importance of the
identified influencing factors was calculated based on all 2-room pairs among the 12 rooms, a total
of 58.0% of the NH3 emission variabilities was explained by the identified influencing factors. The
differences in pig diet, total pig weight, and manure volume were the three primary contributors.

However, there was one limitation of this analysis that was linked with different numbers of valid
data for the control groups. Not all the temperature data collected in the pig living space of R11
and the pit of R8 were valid due to sensor failures. As a result, the differences in temperature could
not be calculated for the 2-room pairs that included R8 and R11. Also, the activity sensor installed
in R1 was not as stable as those measured in other rooms. As a result, the number of valid data
with complete sets of measured variables for regression analysis was not sufficient for the control
group.

The identified primary contributors were total pig weight, ventilation rate, and pig living space
temperature for the T1 group and total pig weight, manure volume, and pig activity for the T2 group
(Table 3-5). Total pig weight significantly contributed to the variabilities of NH3 emissions among
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both treated groups. When the relative importance of the identified influencing factors was
calculated based on all 2-room pairs among the 12 rooms, a total of 58.0% of the NH3 emission
variabilities was explained by the identified influencing factors. The differences in pig diet, total
pig weight, and manure volume were the three primary contributors.

Table 3-5 Identified factors influencing the differences in NH3 emission rates among room pairs.
Variables

Group

Diet
.diff

Control
T1

T2

TPW MV Vent. PitT PLST Act
.diff
.diff .diff
.diff
.diff
.diff
1
1
1
1
1
1

1
1

1

1
1

Adj.
R2

0.2097

1

0.2205

12 rooms

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0.5799
a. NH3.diff, Vent.diff, PitT.diff, PLST.diff, MV.diff, and TPW.diff,were the differences of NH3
emission rate, total ventilation rate, pit temperature, PLS temperature, manure volume,
total pig weight, and pig weight between the two rooms of a specified group of 2-room
pairs; n is the number of explanatory variables in the model.
The maximum adjust R2 (0.5799) suggested that only about 58% of the variances of NH3 emissions
among the 12 room were explained by the identified variables, and therefore, there might be one
or more unidentified factors that played critical roles in the NH3 emissions from these rooms.
3.4.4

Unidentified influencing factors in the 12 rooms

3.4.4.1 Two unidentified factors
In all 12 rooms, the estimated R2 using the panel model [Eq. (4)] was 0.77, suggesting that the
explanatory variables in the model along with the unidentified individual effects and time-varying
common factors contributed to a total of 77% of the variances of the data. Since the variables in
the model were required to be time-relevant, the dietary effects can not be directly identified but
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analyzed through the additive individual effects in each room. The primary time-relevant variables
imposing significant effects on the NH3 emissions were pit temperature and total pig weight (p <
0.01).

The estimated additive individual effects in the 12 rooms (Figure 3-12 top) showed that there were
time-irrelevant effects on the emissions imposed by one or more sources in each pig room. The
estimated value showed the relative magnitudes of the effects. It was noticed that the estimated
effects were highest in the control group and lowest in the T2 group (Figure 3-12). Therefore, the
estimated additive individual effects in the 12 rooms were regressed on their dietary categories to
test if the effects were from the dietary treatments. Significant effects were identified for dietary
treatment 1 (p < 0.05) and 2 (p < 0.01) as a result.

The model detected two major time-varying common factors. Though the exact contribution of
these common factors to the total explained variances could not be calculated by using the current
version of the phtt package, the relevant importance of the two factors was obtained. The first
factor, F1, accounted for 77.1% and the second one accounted for 18.3% of the unexplained
variances. The dynamic trends of the two factors were showed in the bottom of Figure 3-12 and
the differences between them have been substantial since day 60. Further interpretation of the
unidentified factors required appropriate rotations of the common factors to figure out their true
trends (Bada and Liebl, 2014). Sufficient knowledge of the dynamic behavior of the potential
factors was of equal importance to exactly identify what these factors were.
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Figure 3-12 Estimated additive effects in each room (top) and dynamic trends of the unidentified
common factors (bottom). The dots, triangles, and squares in the top figure denoted rooms of the
control, T1, and T2 group, respectively.
3.4.4.2 Possible origins of the unidentified factors
Although the physical properties of the two unidentified factors are not yet known, their possible
origins can be discussed based on the existing knowledge about NH3 in and from manure.
Ammonia emission is the last step in a chain of processes that emanate NH3 from liquid manure
to the outdoor environment. This step follows NH3 generation, which converts nitrogen and
hydrogen in liquid manure to NH4+, and NH3 release, which changes NH4+ to NH3 and brings the
latter from liquid manure to free air stream. Ammonia emission is physically and relatively easy
to understand and quantify once NH3 concentration at the manure surface and air exchange rate
are known. Ammonia release is also relatively straightforward because it is governed by chemical
and physical laws (Ni, 1999). Currently, the least understood in these processes is the NH3
generation, which could be associated with the two unidentified factors.

104

These two unidentified factors were most possibly related to variations in micro-environment and
microbial activity inside the manure in the pit. The microenvironment inside swine manure, such
as the dynamic behavior of manure temperature, manure pH, and solid contents, were very likely
to play a role on NH3 emission. Snoek et al. (2016) observed substantial variations in both
magnitude and dynamic behaviors of pH among individual urine puddles of dairy cows, and the
exact cause was unclear. Compared with pH, the temperature of manure surface imposed less
impact on NH3 emissions (Monteny et al., 2002). The observation of pit temperature was
considered to effectively indicate the manure temperature because of the thin layer and low heat
capacity of manure surface (Monteny et al., 2002).

Processes at microscopic levels in the manure, such as the microbe activities, also contributed to a
part of NH3 from the pig houses. Bacteria genera, such as Streptococcus, Peptostreptococcus, and
Bacteroides, were reported to be involved in the decarboxylation of amino acids, and therefore,
NH3 generation (Zhu and Jacobson, 1999). However, the evolutions of these microbial genera in
manure and the relevant influencing factors were not sufficiently explored. Trabue et al. (2016)
experimentally observed that the structure and function of the microbial population in the manure
shifted over time, as the availability of nutrients and nature of manure changed. However, the
quantitative relationship between any specific microbial group and the NH3 generation has not yet
been studied in the lab or verified in the field.

3.4.4.3 Future research
Future research to identify and quantify the specific factors is needed on the microbiological and
biochemical processes and the related microenvironment inside swine manure, in which the
processes of NH3 generation occur. Both laboratory and field tests will be essential to bridge the
theoretical gaps and uncover their roles in NH3 emissions. Advancements in technologies for
continuous monitoring of microscopic processes in the manure will be critical in realizing the goal.
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Conclusions
1.

The variabilities of NH3 emission rates among the 12 pig rooms were mainly caused by

the differences in pig diet, total weight, and manure volume.
2.

However, there were two unidentified influencing factors playing a significant role on the

NH3 emissions in all 12 rooms, and the dynamic trends of the two factors were detected.
3.

The two unidentified factors were most possibly related to the micro-environment and

microbial activity inside manure.
4.

Future research on the microscopic-level processes in the manure is needed.

Advancements in manure continuous monitoring were critical to realize the goal.
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4. HYDROGEN SULFIDE EMISSIONS AFFECTED BY
DIETARY CRUDE PROTEIN
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Abstract
Hydrogen sulfide (H2S) is a toxic air pollutant at animal facilities, but understanding of its
generation and emission processes has been limited. This paper studied H2S emissions during a
complete cycle of wean–finish pigs from a research building, where 12 pig rooms were divided
into three groups that were fed with standard feed (control), and 2.1–3.8% (T1) and 4.4–7.8% (T2)
reduced dietary crude protein (CP) feed. The group cycle mean H2S emission rates were 4.0 ± 2.9,
4.3 ± 3.2, and 5.4 ± 4.0 g d-1 AU-1 (Animal Unit = 500 kg live mass), respectively, for the control,
T1, and T2 groups. Emissions of H2S were enhanced by 10.0 and 36.7%, respectively, for the T1
and T2 groups (p < 0.001), although large variabilities existed in the emissions from different
rooms within the same groups. The enhanced H2S emissions from the T1 and T2 groups were
related to the reduced manure pH and were possibly affected by a number of pathways, which
could involve volatile fatty acids and nitrogen concentrations, and microbial activities in manure.
Keywords: Air pollution; animal agriculture; dietary manipulation; manure pH; pig production;
pollutant emissions.

Introduction
Hydrogen sulfide (H2S) is a colorless and toxic gas that has the characteristic odor of rotten eggs.
It occurs naturally in coal, natural gas, oil, volcanic gases, and sulfur springs and lakes, but is also
a product of the anaerobic decomposition of sulfur-containing organic matter (Smith et al., 1979).
Hydrogen sulfide is related to indoor air pollution. Exposure to low H2S concentration leads to
headache, fatigue, and irritation of eyes, nose, or throat (ATSDR, 2016), 2006). Repeated exposure
could lead to increased susceptibility; and those symptoms could result from concentrations
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previously tolerated (NIOSH, 1978). Brief exposures to high concentrations of H2S (greater than
500 ppm) can cause the loss of consciousness (ATSDR, 2016). Exposure to higher H2S
concentrations has been reported responsible for deaths of animals and human being in animal
facilities (e.g., Oesterhelweg and Püschel, 2008; Riedel and Field, 2013). The emitted H2S to the
atmosphere can be oxidized to sulfuric acids, which could increase the potential risk of regional
acid rain.

Different exposure limits of H2S have been regulated/recommended by major occupational health
organizations. The exposure ceiling concentration permitted by Occupational Safety and Health
Administration (OSHA), USA is 20 ppm. The National Institute for Occupational Safety and
Health (NIOSH), USA recommended a 10-min exposure limit of 10 ppm. The threshold limit
values recommended by American Conference of Governmental Industrial Hygienists (ACGIH),
USA were 1.0 ppm and 5.0 ppm for the 8-hour time weighted average and short-term exposure
limit, respectively.

Hydrogen sulfide in animal building is either a product of bacterial sulfate reduction or the
decomposition of sulfur-containing organic compounds in the manure, especially sulfates, which
are originated from protein, minerals or the premix in the feed, and from the drinking and washing
water. The H2S concentrations in swine buildings were usually below 2 ppm (Ni et al., 2017a).
However, concentrations as high as 5.7 ppm were also reported (Kafle and Chen, 2014). The rates
of H2S emissions from swine buildings were much lower compared with other gases, such as
ammonia (NH3), carbon dioxide (CO2), and methane (CH4). It was reported 6.3 g d-1 AU-1 (Animal
Unit = 500 kg animal weight) from two 1000-head finishing buildings during a 6-month study (Ni
et al., 2002). However, the number of studies investigating the H2S emissions from swine building
has still been very limited.

Moreover, fewer instruments are available for H2S concentration measurement than those for NH3.
The major choices for H2S monitoring instruments in swine buildings are gas tubes, Chem-cassette
monitors, Jerometers, and sulfur dioxide analyzers (Xin, 2005). Other reported methods included
Drager Pac III and Ion Chromatography (Ni et al., 2017a). The sulfur dioxide analyzer is the highsensitivity and quick-response instrument that can be used for continuous H2S monitoring.
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In addition, H2S exhibits a special behavior of Bubble Releases and Reservoir Effect from liquid
swine manure (Ni et al., 2013). Several studies have reported unexpected burst H2S releases and
sharp increases in H2S concentrations at swine storage and buildings (e.g., Blanes-Vidal et al.,
2012; Ni et al., 2002), especially at slurry removal events (Hoff et al., 2006).

Evidently, H2S emissions from swine buildings are affected by different factors and one of them
is the feed. Diet manipulation by reducing crude protein (CP) has been proven as one of the
effective approaches to mitigate NH3 emissions from swine production (e.g., Powers et al., 2007).
Nonetheless, its effect on H2S emissions was claimed not significant in an early work by Hansen
et al. (1993), who studied 32 finishing pigs during the last 11 days of a 44-day experiment. Followup studies by Radcliffe et al. (2008) with low nutrient excretion diet for 1920 pigs, and Power et
al. (2007) with reduced CP and supplementing with amino acids (AA) for 48 pigs in eight animal
chambers, all confirmed no effects on H2S concentrations and emissions. However, the impacts of
diet on H2S emissions had not been sufficiently discussed (Powers et al., 2007).

A recent study in a 720-head swine research building demonstrated that CP-reduced diets
supplemented with AA significantly reduced NH3 emissions (Liu et al., 2017). However, in the
same study, the diet effects on H2S emissions were different from NH3 emissions as well as from
previous studies reported in the literature. The objectives of this paper are to present the research
results and characterize the effects of the CP-reduced diets on H2S emissions.

Materials and Methods
4.3.1

Building description

The 12-room (R1–R12) research building is located at the Animal Research and Education Center,
about 16 km from the Purdue University main campus at West Lafayette, Indiana. There are 6
rooms along each of the south and north walls of the building (Figure 4-1). The room size is 11.0
m × 6.1 m × 2.7 m (L × W × H). Each room has two 1.8-m deep pits under the fully slatted floor
of pig living space (PLS) with a capacity of housing 60 finishing pigs.
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Figure 4-1 East-side view of the swine experimental research building.
Fresh air from outdoor enters the building and is distributed to each pig room. Exhaust air is
ventilated through four direct-driven fans: two 250-mm diameter variable-speed pit fans (Model
P4E30, Multifan, Bloomington, IL, USA) and two single-speed wall fans, one of 356-mm diameter
(Model V4E35, Multifan) and the other of 508-mm diameter (Model V4E50, Multifan). The
ventilation in each room is controlled independently using a Fancom controller (Model FCTC,
Fancom BV, Panningen, The Netherlands).

During this study, only the pit fans were kept on to maintain minimum ventilation during the
nursery stage and the majority days during grower stage phase G1 due to the low outdoor
temperature. The pit fans were in full performance starting from phase G2. The PLS ventilation
rate increased drastically during G1 and G2 and maintained high ventilation in all rooms during
the finisher stage after the wall fans were turned on starting from phase G1.
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Table 4-1 Overview of the experimental design, and the numbers and weights of pigs in different
rooms.
Group and Date in 2015
room
Start
number
Control group
1
Feb. 25
4
Feb. 25
8
March 4
11
March 4
T1 group
2
Feb. 25
5
Feb. 25
9
March 4
10
March 4
T2 group
3
Feb. 25
6
Feb. 25
7
March 4
12
March 4

Pig weight (kg)

End

Total Pig number (n)
days
Start
End
(d)

Start

End

July 23
July 16
July 30
July 23

148
141
148
141

60
60
60
60

58
57
59
59

5.4
7.2
5.5
6.9

130.4
129.6
128.6
127.5

July 23
July 16
July 30
July 23

148
141
148
141

60
60
60
60

59
60
57
58

5.4
7.1
5.4
6.9

131.2
129.0
128.9
127.1

July 23
July 16
July 30
July 23

148
141
148
141

60
60
60
60

57
59
60
60

5.4
7.1
5.4
6.9

126.3
124.9
126.3
122.8

Table 4-2 Main feed ingredients of the nine phased pig diets for the three groups of pigs.
a

Ps Days
Nursery stage
N1 1–9
N2 10–16
N3 17–30
N4 31–44
Grower stage
G1 45–65
G2 66–86
G3 87–107
Finisher stage
F1 108–128
129–
F2
141/148b

Main feed ingredient: C/SBM/CP/AA/S (%)c
Control group

T1 group

T2 group

28.0/15.0/25.0/0.1/0.16
34.1/18.0/23.8/0.1/0.17
39.5/20.0/23.4/0.1/0.20
46.1/31.1/18.6/0/0.18

31.5/15.0/22.9/0.3/0.15
37.9/18.0/21.6/0.3/0.16
43.6/20.0/20.9/0.3/0.19
56.3/21.8/14.9/0.3/0.16

35.2/15.0/20.6/0.7/0.15
41.8/18.0/19.1/0.7/0.16
47.7/20.0/18.4/0.7/0.19
66.9/12.0/11.0/1.0/0.14

48.2/28.1/17.3/0/0.17
47.7/25.9/16.3/0/0.16
49.8/23.9/15.5/0/0.15

59.1/18.3/13.5/0.3/0.14
58.1/16.4/12.6/0.3/0.13
60.3/14.3/11.8/0.3/0.13

69.8/8.3/9.6/1.0/0.13
69.1/6.2/8.5/1.0/0.12
71.3/4.1/7.7/1.0/0.11

67.9/21.6/15.5/0/0.16

76.4/13.8/12.4/0.3/0.14

85.3/5.5/9.1/0.9/0.13

60.4/29.5/18.7/0/0.19

67.4/23.2/16.2/0.2/0.17

74.5/16.5/13.5/0.7/0.16

a. Ps, Phase. N1–N4 stand for nursery diet phases 1 to 4; G1–G3 for grower diet phases 1 to
3; F1–F2 for finisher diet phases 1 to 2.
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b. Phase F2 were days 129–141 for R4–R6 and R10–R12; and days 129–148 for R1–R3 and
R7–R9.
c. C/SBM/CP/AA/S (%) stand for yellow dent corn / soybean meal / total crude protein /
supplemented amino acid / sulfur in % of diet. Total crude protein was the sum of the
crude protein in all feed ingredients. Sulfur concentrations were calculated in feed
ingredients (corn, soybean meal, soybean protein concentrate, limestone, monocalcium
phosphate, and methionine) based on the results obtained by Kerr et al. (2008).
4.3.2

Experiment description

Sixty piglets, weighing from 4.5 to 13.0 kg each, were moved into each room in R1–R6 on Feb.
25, 2015 and into R7–R12 on March 4, 2015 (Table 4-1). The pigs were reared through three
different growth stages: nursery (from weaned to 25 kg), grower (25 to 70 kg), and finisher (70 kg
to market weight). The 12 rooms were divided into three 4-room groups to test the effects of CPreduced diets in nine pig feeding phases on gas emissions. The control group was fed with a
standard diet. The treated 1 (T1) and treated 2 (T2) groups were fed with diets of 2.1–3.8% and
4.4–7.8% reduced CP, respectively. Artificial AA and corn were added to the CP-reduced feed for
the T1 and T2 groups. The diets also had different sulfur (S) concentrations (Table 4-2).
4.3.3

Data collection

The swine building is equipped with a comprehensive online air quality monitoring system, which
includes analyzers for gas concentration measurement, sensors for fan operations and airflow rate
monitoring, and sensors for indoor environment monitoring. The gas emission data were collected
continuously for 155 days. All and partial data collection was temporarily interrupted on May 13
due to an unexpected problem with the computer, and on May 24 due to a pressure sensor failure,
respectively.
4.3.3.1 Air sampling and gas concentration measurement
Twenty-four air sampling locations (ASLs) were distributed at the pit fan exhausts and wall fan
exhausts of the 12 rooms. Another ASL was installed in the building hallway to sample the room
inlet air. From Feb. 25 to April 18, 2015, air samples were only drawn from the 12 ASLs of pit
fans (10 min each ASL) and the inlet ASL (20 min) because the wall fans were not in use during
that period. The air sampling at the 12 ASLs was activated on April 19.
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Hydrogen sulfide concentrations in the sampling air streams were measured continuously using a
Pulsed Fluorescence Analyzer (Model 450i, Thermo Fisher Scientific Inc., Franklin, MA, USA).
Certified zero air and span gas (5010 ppb H2S) were used for zero and span checks of the analyzer
weekly.
4.3.3.2 Ventilation monitoring
Ventilation at each room was obtained by individually monitoring all the pit and wall fans. The
pit fan ventilation rates were measured directly and continuously using Pit Exhaust Airflow
Measurement Assemblies (PEAMA) described by Ni et al. (2016). The operation status of all wall
fans and the room static pressures that the wall fans had to overcome were continuously recorded.
For each wall fan, a fan model equation, which described the relationship between the static
pressures and the ventilation rates, was established by sporadic fan testing using a Wall Fan Tester
(Ni et al., 2017b). Post measurement calculations were performed to obtain ventilation rates at 1
min resolution for all the wall fans.
4.3.3.3 Temperature, relative humidity, and pig activity measurement
Temperatures at all ASLs were measured using T-type thermocouples. Relative humidity (RH)
transmitters (Model HX92BC, OMEGA Engineering, Inc., Stamford, CT, USA) were installed in
selected rooms (R1, R2, R3, and R11). Pig activity was monitored using Passive Infrared Detector
(PID) motion sensors (Model SRN-2000, Visonic Inc., Bloomfield, CT, USA), installed on the
end wall of each room, 2.2 m above the floor and tilted downward at 15° (Ni et al., 2017c). The
RH and activity data were used mainly for experiment quality control.
4.3.3.4 Data acquisition
An on-site computer system (OSCS), which consisted of a PC, data acquisition hardware, and
software AirDAC, was used for data acquisition and signal processing. Analog and digital output
signals from the gas analyzer and all sensors were acquired at 1 Hz and converted to data in
engineering units. The converted data were averaged over 15-sec and 1-min intervals and saved in
two separate files.

129
4.3.3.5 Manure volume calculation and manure sampling
The depths of manure in each pit were determined weekly by measuring the vertical distances from
the slatted floor to the liquid manure surface using an Infrared Distance Meter (Leica DISTO
special, Leica Geosystems Inc., Norcross, GA, USA). The volumes of manure in each pit were
calculated by multiplying the pit area by the manure depths. At the end of each growth stage,
manure was sampled using a vacuum sampler for the entire depth of the slurry in all 12 rooms.
The samples were then thoroughly mixed for subsampling. All manure samples were frozen at 20 ºC before they were analyzed for pH and other parameters (Liu et al., 2017).
4.3.4

Data processing and analysis

Custom software CAPECAB (Fibre Recovery Systems, Inc., Calgary, AB, Canada) was used for
data processing. All data imported into the CAPECAB database were first plotted for visual
inspection and validation. Invalid data were removed after being confirmed with experiment field
notes. Validated data were corrected based on analyzer and sensor calibrations if they were
applicable. Only the last 5 min of H2S concentrations during a 10- and 20-min sampling time at
one ASL were validated and used. This was to exclude the data during transition time when the air
sampling was switched from one ASL to another.

To obtain continuous data, the two adjacent 5-min H2S concentrations measured at the same ASL
were interpolated by assuming a linear concentration change between the two sampling times.
Data of manure depths, pig numbers, and pig weights in individual rooms were also interpolated
in the CAPECAB database to match the other continuously measured data.

The 1-min H2S emission rates were used to obtain daily means using gram H2S per day per Animal
Unit (g d-1 AU-1. Animal Unit = 500 kg live mass). The diet phase means, which covered the days
during each phase, and pig cycle means, which covered all 141 or 148 days (Table 4-2) were
calculated by averaging the daily means over the phase or cycle periods, respectively (Liu et al.,
2017). The effects of CP-reduced and AA-supplemented diets on H2S emissions were tested using
ANOVA (analysis of variance). Multiple-comparison Tukey’s studentized range tests
were also conducted to assess the differences among the groups. Statistical analysis was performed
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using software SAS 9.4 (SAS Institute Inc., Cary, NC, USA). More details about this experiment
were described by Liu et al. (2017).

Results and Discussion
4.4.1

Pit, pig living space, and total ventilation rates

The daily mean pit ventilation rates increased gradually from the start of the experiment at the end
of February until about day 80 in the middle of May 2015 (Figure 4-2 top). The cycle mean pit
ventilation rates were 45.2 ± 7.6 (mean ± standard deviation), 44.1 ± 9.3, and 43.1 ± 9.5 m3 min-1
for the control, T1, and T2 groups, respectively. The differences among the three groups were
significant (p < 0.05).
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Figure 4-2 Group daily mean ventilation rates in the manure pits (top) and pig living spaces
(bottom) during the entire pig cycle.
The PLS ventilation, starting from April 19, demonstrated a general trend of increasing until in the
middle of June, when all the wall fans were controlled in almost non-stop operation (Figure 4-2
middle). There were no significant differences in the mean PLS ventilation rates among the three
groups throughout the grower and finisher stages (p > 0.05).
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For the total ventilation that was provided by both pit and wall fans (Figure 4-2 bottom), the group
phase means during N1 (days 1–9), and N3 and N4 (days 17–44) were higher in the control group
due to its higher group mean pit ventilation rates (p < 0.001). However, the group phase mean total
ventilation rates were not significantly different from phases G1 to F2 (days 45–141, p > 0.05).

Consequently, the group cycle mean total ventilation rates were 108.5 ± 62.9, 109.0 ± 65.0, and
106.6 ± 66.1 m3 min-1 for the control, T1, and T2 groups, respectively, and there were no
statistically significant differences among the three groups (p > 0.05). Therefore, ventilation rates
were not considered a major influence factor on H2S emissions.
4.4.2

Pit and pig living space temperatures

The group cycle mean pit air temperatures were 24.3 ± 2.3, 23.9 ± 2.0, and 23.8 ± 2.0 °C,
respectively, for the control, T1, and T2 groups, and were not significantly different (p > 0.05).
However, the mean pit temperatures were different (p < 0.05) among the groups during phases N3
and N4 (days 17–44), G3 (days 87–107), and F1 (days 108–128). The group phase mean pit
temperatures ranged from 21.9 °C (group T2, phase G1) to 24.2 °C (group T1, phase N2) between
phases N1 and G1 (days 1–65, Figure 4-3 top). Noticeable increases in pit temperatures of 1.6–
2.1 °C were found in all three groups from phases G1 to G2 (days 45–86), when the outside
temperature continued to increase although the wall fans were turned on. The phase mean pit
temperatures steadily increased from phase G2 and reached 26.0–27.0 °C in phase F2.
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Figure 4-3 Daily mean temperature in the manure pits (top) and pig living spaces (bottom)
during the entire pig cycle.
The group cycle mean PLS temperatures were 25.4 ± 2.3, 25.5 ± 2.1, and 25.6 ± 2.1 °C,
respectively, in the control, T1, and T2 groups (p > 0.05). The PLS was kept warm during the
nursery stage, and the highest PLS temperature was observed in phase N1 (days 1–9, Figure 4-3
bottom). The phase mean PLS temperatures decreased from 28.0 to 29.3 °C in N1 to 24.7–25.4 °C
in G1 (days 45–65), and kept quite constant after that. The temperatures in the PLS were higher
than those in the pits throughout phase N1 to G2 (days 1–86) in all three groups. However, this
tendency was reversed during phase F1 and F2 (days 108–141/148).

Because the group cycle mean air temperatures in both the pits and the PLS were not found
statistically different (p > 0.05), they were not considered as a factor that affected the overall H2S
emission rates among the three groups in this study.
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4.4.3

Hydrogen sulfide concentrations

The group cycle mean H2S concentrations in the pits were 319.4 ± 338.1, 343.3 ± 395.1, and 415.1
± 362.1 ppb, respectively. Significant differences (p < 0.01) were observed among the three
treatment groups. However, the group cycle mean H2S concentrations in the PLS did not
demonstrate statistical differences (p > 0.20). They were 171.0 ± 104.0, 174.5 ± 100.8, and 193.3
± 123.0 ppb, respectively, for the control, T1, and T2 groups. Results showed that the variabilities
in H2S concentrations in the pits within each of the three groups were substantial, but those in the
PLS were much less.

For most of the monitoring time, the measured 1-min mean H2S concentrations were between 0.5
and 500 ppb (
Figure 4-4, top). These concentrations were above the odor detection threshold of 0.47 ppb H2S
(Leonardos et al., 1969). The measured 1-min mean H2S concentrations in the pits and PLS were
within this range for 54.0–99.7 and 88.2–99.1% of the monitoring time, respectively, in the 12 pig
rooms. For 0.3–34.5 and 0.8–11.7% of the monitoring time, the 1-min H2S concentrations in the
pits and PLS, respectively, were between 500 and 1000 ppb (
Figure 4-4, bottom). Concentrations of H2S higher than 1000 ppb were detected for more than 10%
of the 1-min data in the pits of R8, R10 and R12; however, they were detected for only less than
1% of the monitoring time in all 12 PLS. These H2S concentration ranges were distributed rather
randomly among the 12 rooms and three groups; but no clear patterns related to the reduced CP
treatments could be identified.
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Figure 4-4 Observed time percentages of pit and PLS H2S concentrations ranging from 0.5 to 500
ppb (top) and from 500 to 1000 ppb (bottom) in the 12 rooms.
4.4.4

Hydrogen sulfide emissions

There were large variabilities in the emissions among the four rooms within each group and among
the three groups (Figure 4-5). The pig cycle mean H2S emission rates per room ranged from 2.2 to
5.2 g d-1 AU-1 for the control group, from 2.0 to 6.8 g d-1 AU-1 for the T1 group, and from 2.5 to
6.9 g d-1 AU-1 for the T2 group. The measured H2S emission rates of all three groups in this study
were in the lower reported ranges of 0.00–30.4 g d-1 AU-1 and 0.16–91 g d-1 AU-1 reviewed by Liu
et al. (2014) and Ni et al. (2017a), respectively. The occurrences of the highest phase mean H2S
emission rates were later for the control group than the T1 and T2 groups. They peaked during
phase F1 (days 108–128) for the control group, phase G3 (days 87–107) for the T1 group, and
phase G2 (days 66–86) for the T2 group (Figure 4-5).
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Significant dietary effects on the H2S emissions were observed during phases G1 and G2 (days
45–86) and F2 (days 129–141/148) among the three groups (p < 0.01, Table 4-3). In phase N4
(days 31–44), the group mean H2S emission rates of the control and T2 groups were significantly
different from each other, but they were not significantly different from the T1 group. The group
cycle mean H2S emission rates were 4.0 ± 2.9, 4.3 ± 3.2, and 5.4 ± 4.0 g d -1 AU-1 for the control,
T1, and T2 groups, respectively, and were significantly different among each other (p < 0.001).
Diets with reduced CP and AA supplementation in the T1 and T2 groups increased H2S emissions
by 10.0 and 36.7%, respectively, compared with the control group.
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Figure 4-5 Daily mean hydrogen sulfide emissions from each room of the control (top), T1 (middle)
and T2 (bottom) groups during the entire pig cycle.
Table 4-3 Group mean H2S emission rates during different diet phases.
Stage and phase

Control group
(g d-1 AU-1)

T1 group
(g d-1 AU-1)

T2 group
(g d-1 AU-1)

Nursery stage
N1
0.1 ± 0.2a
0.2 ± 0.2a
0.1 ± 0.1a
a
a
N2
0.7 ± 0.8
1.3 ± 1.5
0.7 ± 0.7a
a
a
N3
1.3 ± 1.2
1.4 ± 1.1
1.6 ± 1.0a
N4
1.8 ± 1.4b
2.5 ± 1.8ab
2.8 ± 1.8a
Grower stage
G1
3.2 ± 1.2c
4.8 ± 2.9b
6.8 ± 3.3a
b
b
G2
4.5 ± 2.0
4.7 ± 2.4
9.4 ± 4.2a
G3
6.6 ± 3.1a
7.1 ± 3.5a
7.6 ± 3.5a
Finisher stage
F1
6.7 ± 2.6a
6.3 ± 3.0a
6.5 ± 2.6a
a
b
F2
4.4 ± 1.9
4.1 ± 1.8
4.3 ± 1.6b
Entire pig cycle
4.0 ± 2.9c
4.3 ± 3.2b
5.4 ± 4.0a
Means with different superscript letters are significantly different.
4.4.5

p value
0.4870
0.1009
0.3321
0.0067
<0.0001
<0.0001
0.1177
0.5856
<0.0001
<0.0001

System sulfur input and hydrogen sulfide emissions

In the agricultural systems, H2S is mainly a product of the anaerobic decomposition of Scontaining organic matter (Smith et al., 1979). There were two sources of S input in the swine
building system, the animal drinking water and the feed. The swine building was supplied with
water from a single well. The water contained 49 ppm sulfate, which was in the lower range
concentrations among swine farms in the region. Because the same source of water was consumed
in all the 12 rooms, it was unlikely that the S input from water caused large variabilities in H2S
emissions from different rooms. The main feed ingredients in Table 4-2 show that the calculated
S concentrations in the feed were consistently higher for the control than for the T1 and T2 groups
in all phased diets. This could possibly result in higher S concentrations in the manure for the
control group than the other two groups, similar to the findings of Ziemer et al. (2009). Therefore,
the differences in H2S emissions from the three groups could not be positively correlated to the S
input from water or feed to the building system.
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4.4.6

Mechanisms of hydrogen sulfide emission promotion by the CP-reduced diet

One possible mechanism to explain the H2S emission variabilities could be related to the manure
chemistry. Hydrogen sulfide in an aqueous solution is in equilibrium with hydrosulfide ion (HS-)
and sulfide ion (S2-), depending on the pH of the solution. At neutral pH of 7.0, roughly 50% of
the sulfide in solution will be in the H2S form (Smith et al., 1979). When the pH is higher than 7.0,
the S in manure is primarily in the forms of HS- and S2-; when the pH decreases, the HS- and S2shift to the un-ionized form, H2S, resulting in favorable H2S releases from aqueous solutions to
the free air stream above the solution.

The relationship between reduced dietary CP with lower manure pH has been reported by Portejoie
et al. (2004) and Kerr et al. (2006). In this study, the mean manure pH values in different growth
stages were consistently higher in the control group than in the T1 and T2 groups (Table 4-4). This
could be well related to and explain the differences in H2S emissions from the three different
groups.
Table 4-4 Means and ranges (in paranthese) of manure pH for the three groups at different
growth stages.
Growth stage

Control group

T1 group

T2 group

Nursery

6.74 (6.33–7.06)

6.22 (5.77–6.54)

5.75 (5.40–6.32)

Grower

7.33 (7.24–7.45)

7.00 (6.56–7.42)

6.27 (6.19–6.39)

Finisher

7.32 (5.87–7.69)

7.26 (7.05–7.70)

6.90 (6.25–7.37)

All stages

7.13 (5.87–7.69)

6.83 (5.77–7.70)

6.31 (5.40–7.37)

Total manure sample n = 72 (n = 8 for each group in each stage).
Because the manure pH was mainly influenced by the ammonium, volatile fatty acids (VFA) and
carbonates in the manure (Canh et al., 1998b), the CP-reduced diets could contribute to lower
manure pH through three possible pathways in this swine building.

Firstly, the CP-reduction could significantly reduce the amount of total ammonia nitrogen (TAN)
in the urine because there was less excessive non-limiting AA in the diets, which was mostly
deaminated by anaerobic bacteria in the gastrointestinal tract and excreted from the pigs in the
form of urea, the origin of TAN (Brown and Cline, 1974; Toledo et al., 2014).
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Secondly, the amount of TAN could be further reduced in groups T1 and T2 because the CPreduced diets were compensated with increased corn, which was a rich source of soluble
carbohydrates (Otto et al., 2003). Microbial synthesis could be enhanced and more N could be
shifted from urea to the bacteria protein when intestinal microflora had access to more
carbohydrates in the substrates (Canh et al., 1997; Kirchgessner et al., 1994).

Lastly, the lower manure pH of groups T1 and T2 could be a result of higher VFA contents
presented the manure (Canh et al., 1998b; Otto et al., 2003; Portejoie et al., 2004). This was
because increased accessibility of the carbohydrate could enhance anaerobic microbial
fermentation, leading to increased production of VFA (Canh et al., 1998b).
4.4.7

Comparison with other studies

The results of this study were different from those of Hansen et al. (1993) and Power et al. (2007)
who claimed non-significant effects on H2S emissions by reducing dietary CP and supplementing
AA. Two major differences in the experimental methodologies could be accounted for the opposite
conclusions. On the one hand, the CP-reduced diets used in the two reported studies provided less
carbohydrate contents to pigs. Thus, the microbial generated VFA could be less and the excreted
N could be more in those two studies than in this study. Therefore, less difference between the pH
of the control and treated groups was found in those two studies.

On the other hand, the design of air monitoring could also play a critical role on the conclusions.
The conclusions drawn by Hansen et al. (1993) were based on the monitoring during the last 11
days of a 44-day experiment. This could be too late to observe the dietary effects on H2S emissions.
The experiment of Power et al. (2007) was carried out in animal chambers, each housed 6 pigs,
and manure pans were partially cleaned twice a week. In this condition, the influences of manure
on H2S release was diluted as the amount of manure remained in the pans was limited.

The discussion above brought in some insights into the future research on gaseous emissions from
animal buildings. Firstly, it was clear that the dietary composition played a critical role in the
manure properties, and therefore, on the gaseous emissions. This should not be neglected in any
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attempts aiming at emission source investigation, emission modeling, and comparison with other
studies. Secondly, sufficiently high frequency air sampling, which can cover diurnal and daily
variations in H2S concentrations and emissions, is required to obtain reliable estimation data.
Thirdly, the durations of the emission measurement should be sufficiently long to cover all possible
periods when the dietary effects on gases are substantial. It was suggested by Trabue et al. (2016)
that studies to investigate swine dietary effects on H2S should be no less than 5 weeks.

Conclusions
The following conclusions were drawn from this study:
1.

Different from the literature reports, this study revealed that the CP-reduced and AA-

supplemented diets significantly increased H2S emissions from the swine building, although
large variabilities also existed among different rooms in the same groups. The cycle mean H2S
emission rates were 4.0 ± 2.9, 4.3 ± 3.2, and 5.4 ± 4.0 g d-1 AU-1, respectively, for the control,
T1, and T2 groups.
2.

Sulfur input from water or feed to the building system could not be positively correlated

to the H2S emissions from the three groups.
3.

The enhanced H2S emissions from the CP-reduced diet groups were related to the reduced

manure pH and possibly affected through three pathways that involved VFA and N
concentrations, and microbial activities.
4.

The large temporal variations in H2S concentrations and in dietary-phase related H2S

emissions demonstrated the necessity of high-frequency sampling and long-term monitoring in
H2S emission investigations to obtain reliable data.
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5. EFFECTS OF DIETARY MANIPULATION ON
GREENHOUSE GAS EMISSIONS

Abstract
Crude protein (CP) reduction and artificial amino acid (AA) supplementation are a technique of
dietary manipulation to mitigate ammonia (NH3) emissions from swine production, however, its
effects on greenhouse gas (GHG) emissions have not been fully uncovered. In this study, 720 pigs
from wean to finish were fed with standard feed (control), and 2.1–3.8% (T1) and 4.4–7.8% (T2)
reduced dietary crude protein. Emissions of carbon dioxide (CO2), methane (CH4), and nitrous
oxide (N2O) were continuously monitored for 155 d. The results showed that dietary CP reduction
was related to higher CO2 emissions (p < 0.05). The two CP reduced groups had lower N2O
emissions (p < 0.01). The CH4 emissions were the highest from the group where the pH of the
under-floor pit manure was close to the optimal range of anaerobic digestion. The accumulated
global warming potential (GWP) was 1300.2, 1436.6, and 1420.9 kg AU-1 CO2eq., for the control,
T1, and T2, respectively, during the entire pig growth cycle.
Keywords: Air quality; air pollution abatement; animal feeding operation; dietary manipulation;
greenhouse gases.

Introduction
Global warming is a worldwide environmental problem and a major challenge to the human
society in the 21st century. Global warming has been widely considered to be a result of
accumulated greenhouse gases (GHG) from anthropogenic sources. The current impacts of global
warming include accelerated glacier melting, rising sea levels, increased appearance of extreme
weathers, and the changed time of occurrence of natural events, imposing far-reaching influences
on the economy, society, and ecology.

Primary greenhouse gases include carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O).
Livestock production accounted for about 18% of the global GHG gas emissions (Pitesky et al.,
2009). Livestock and manure management accounted for about 30% and 79% of the anthropogenic
CH4 and N2O emission, respectively, in 2014 (EPA, 2016). Due to the advances in technology and
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the changes of industrial structure, the number of swine production farms in the U.S. has been
fewer and larger (USDA Economic Research Service, n.d.) and become the second largest
contributor of GHG emissions from the livestock industry (Smith et al., 2014).

Carbon dioxide is the primary GHG from pig buildings, generated from both animal exhalation
and manure (Philippe and Nicks, 2015). Methane originates from either the enteric fermentation
in the digestive tract of pigs or the microbial activity in the manure (Philippe and Nicks, 2015).
The CH4 emission from the swine buildings has increased by about 44% since 1990. Nitrous oxide
is a product sorely from the microbial processes in the manure, including nitrification,
denitrification, nitrifier denitrification, and annamox (Philippe and Nicks, 2015). The global
warming potentials (GWP) of CH4 and N2O are about 25 and 298, respectively, over a 100-year
timescale (EPA, 2016). The total CH4 emission from pig’s enteric fermentation and manure has
reached 2.4 and 22.4 Million metric tons (MMT) CO2 Eq., respectively, in 2014 (EPA, 2016). The
N2O emission from swine manure was 1.8 MMT CO2 Eq. in the same year (EPA, 2016).

Reducing crude protein (CP) and supplemented with artificial amino acid (AA) is an effective
method to decrease the N excretion and alleviate the environmental impacts of swine production.
Previous studies have verified that CP reduction lowered NH3 emissions (Liu et al., 2017), but
there were only a few reported its effects on GHG emissions (Philippe et al., 2006). Philippe et al.
(2006) carried out four 6-day measurements of the air, and found that the dietary CP reduction
decreased CH4 emission, increased N2O emission, and had no effects on CO2 emission. Clark et
al. (2005) observed that lower dietary CP content was related to higher emission of CO2 and CH4,
but had no effects on N2O.

Long-term and high-quality air quality monitoring is a necessity to uncover the effects of CP
reduction on GHG gases. Based on the observed evolution of microorganisms in manure, Trabue
et al. (2016) suggested that a sampling duration of at least 13 weeks was required to reveal the
dietary effects on GHG emissions. Moreover, N2O in animal buildings is usually in low
concentrations that usually below the detection limits of many instruments. The reported N2O
emission rates varied substantially among studies (Shurpali et al., 2016), and therefore, more
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advanced and continuous measurement technology to reveal the real emission patterns and rates
of N2O is needed (Anonymous, 2016; Baulch et al., 2012).

The objectives of this study are to quantify the GHG emission rates from a research swine building
with 155-d continuous monitoring, to characterize the dynamic emission profiles, and to uncover
the effects of dietary CP-reduction and AA supplementation on GHG emissions.

Materials and Methods
5.3.1

Building description

The research swine building was at the Animal Research and Education Center of Purdue
University, West Lafayette, IN (Figure 5-1). There was a total of 12 rooms in the building, of each
the size is 11.0 × 6.1 × 2.7 m (L × W × H), with a capacity of housing 60 pigs. Two 1.8-m deep
pits were under the fully slatted floor of each pig living space (PLS).

The two air inlets of the building were above the east and west curtain-covered doors, respectively.
One (east) is controlled with a static pressured controller (Model SP-2, Airstream Ventilation
Systems, Assumption, IL, USA), and the other is controlled manually.

The air entered each pig room via three baffled V-shaped ceiling inlets and a perforated 38-cm
PVC air pipe 20 cm below and along the ceiling. It was exhausted through two variable-speed pit
fans (Model P4E30, Multifan, Bloomington, IL, USA) and two single-speed wall fans: one of 36cm diameter (Model V4E35, Multifan) and the other of 51-cm diameter (Model V4E50, Multifan).
Detailed descriptions of this site was published by Liu et al. (2017)
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Figure 5-1 East-side view of the swine experimental research building (Liu et al., 2017).
5.3.2

Experiment description

Sixty piglets were moved into R1–R6 on Feb. 25, 2015and into R7–R12 on Mar. 4, 2015. The
original weights of the piglets were between 4.5 and 13.9 kg. Pigs were fed based on their growth
demand during different production stages: nursery (from weaned to 25 kg), grower (25 to 70 kg),
and finisher (70 kg to market). The details of the pigs in mass change in each room is provided in
Table 5-1.
Table 5-1 Overview of the experimental design and end-of-experiment pigs.
Datea
Start End
Control rooms
1
2-25 7-23
4
2-25 7-16
8
3-4
7-30
11
3-4
7-23
T1 rooms
2
2-25 7-23
5
2-25 7-16
9
3-4
7-30
10
3-4
7-23
T2 rooms
3
2-25 7-23
6
2-25 7-16
7
3-4
7-30
12
3-4
7-23
a. Month-date in 2015.
Room

Total days Pig number (n) Pig weight (kg)
(d)
Start
End
Start End
148
141
148
141

60
60
60
60

58
57
59
59

5.4
7.2
5.5
6.9

130.4
129.6
128.6
127.5

148
141
148
141

60
60
60
60

59
60
57
58

5.4
7.1
5.4
6.9

131.2
129.0
128.9
127.1

148
141
148
141

60
60
60
60

57
59
60
60

5.4
7.1
5.4
6.9

126.3
124.9
126.3
122.8
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Pigs in the 12 rooms were grouped to test the effects of CP-reduced diet on GHG emission: control,
treated 1 (T1), and treated 2 (T2): the control group included R1, R4, R8, and R11 rooms; T1 group
the R2, R5, R9, and R10 rooms; T2 group the R3, R6, R7, and R12 rooms. The control group was
fed with standard diet, and the T1 and T2 group were fed with the diet of 2.1–3.8% and 4.4–7.8%
reduced CP, respectively. Artificial amino acids (AA) was added to the CP-reduced feed of the
two treated groups (T1 and T2), ensuring the quantity of dietary essential AA. Details about the
experiment were listed in Table 5-2.
Table 5-2 Primary ingredients of pig diet.
Pha Date b

Days Main diet ingredient: C/SBM/CP/AA (%) d

sea R1–R6

R7–R12

(n) c

N1 2/25–3/5

3/4–3/12

8

28.0/15.0/25.0/0.1

31.5/15.0/22.9/0.3

35.2/15.0/20.6/0.7

N2 3/5–3/12

3/12–3/19 7

34.1/18.0/23.8/0.1

37.9/18.0/21.6/0.3

41.8/18.0/19.1/0.7

Control

T1

T2

N3 3/12–3/26 3/19–4/2

14

39.5/20.0/31.2/0.1

43.6/20.0/28.7/0.3

47.7/20.0/26.2/0.7

N4 3/26–4/9

4/2–4/16

14

46.1/31.1/18.6/0

56.3/21.8/14.9/0.3

66.9/12.0/11.0/1.0

G1 4/9–4/30

4/16–5/7

21

48.2/28.1/17.3/0

59.1/18.3/13.5/0.3

69.8/8.3/9.6/1.0

G2 4/30–5/21 5/7–5/28

21

47.7/25.9/16.3/0

58.1/16.4/12.6/0.3

69.1/6.2/8.5/1.0

G3 5/21–6/11 5/28–6/18 21

49.8/23.9/15.5/0

60.3/14.3/11.8/0.3

71.3/4.1/7.7/1.0

F1 6/11–7/2

6/18–7/9

21

67.9/21.6/15.5/0

76.4/13.8/12.4/0.3

85.3/5.5/9.1/0.9

F2 7/2–End

7/9–End

13/20 60.4/29.5/18.7/0

67.4/23.2/16.2/0.2

74.5/16.5/13.5/0.7

Source: (Liu et al., 2017).
a. N1–N4 stand for nursery diet phases 1 to 4; G1–G3 for grower diet phases 1 to 3; F1–F2
for finisher diet phases 1 to 2.
b. Month/date in 2015
c. Phase F2 was 13 days for R4–R6 and R10–R12; and 20 days for R1–R3 and R7–R9.
d. C/SBM/CP/AA (%) stand for yellow dent corn / soybean meal / total crude protein /
supplemented amino acid in % of diet. Total CP was the sum of the CP content in all feed
ingredients.
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5.3.3

Air quality monitoring

A comprehensive air quality monitoring and data acquisition system was installed in the swine
building. It comprised of gas analyzers, anemometers for airflow rate monitoring, sensors for fan
operation and indoor environment monitoring. The air sampling lasted for a total of 155 days.
5.3.3.1 Air sampling and gas concentration measurement
Concentrations of CO2 and CH4 in the sampling air were measured continuously using Innova
photoacoustic infrared multi-gas monitor (Model 1412, LumaSense Technologies, Ballerup,
Denmark). Nitrous oxide concentration was measured by an N2O analyzer (Model T320, Teledyne
Advanced Pollution Instrumentation). Certified zero air and span CO2 (4891 ppm), CH4 (195 ppm),
and N2O gas (2000 ppb) were used for span check of the gas analyzer weekly.

There was a total of 25 air sampling location (ASL) in the building. One was installed in the hallwall, sampling the inlet air. The other 24 located in each of the PLS and pit of the 12 rooms.
Between February 25 and April 18, gas sampling cycled from each pit ASL (10 min) to the inlet
ASL (20 min). From April 19, the air sampling in PLS was activated.
5.3.3.2 Ventilation monitoring
Each of the pit and wall fans were monitored continuously to determine the building ventilation
rate. The monitoring of pit fan ventilation was realized by using an innovative Pit Exhaust Airflow
Measurement Assembly (PEAMA), and that of PLS ventilation was by recording the room static
pressures and the time percentage of the on/off status of each wall fan. The ventilation rate for
each of the pit fans and wall fans was calibrated by establishing a “rotational speed - voltage output”
linear model and a “ventilation rate - static pressure” linear model, respectively, during the preand after-experiment calibration. Detailed information about the pit fan and wall fan ventilation
measurement methodology was provided by Ni et al. (2016, 2015).

Pit and PLS temperature were monitored by using T-type thermocouples. The RH and pig activity
were both monitored for experiment quality control. Relative humidity (RH) sensors were installed
in selected rooms (R1, R2, R3, and R11). Pig activity was monitored by Passive Infrared Detector
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(PID) motion sensors (Model SRN-2000, Visonic Inc., Bloomfield, CT, USA), installed on the
end wall of each room, 2.2 m above the floor and tilted downward at 15°.

Manure depth was measured every week by using an Infrared Distance Meter (Leica DISTO
special, Leica Geosystems Inc., Norcross, GA). Manure samples were taken by a vacuum sampler
for the entire depth of the slurry and fully mixed for subsampling. All manure samples were frozen
at -20 ºC. The pH samples were measured after 3–6 months.
5.3.3.3 Data acquisition and signal processing
An on-site computer system (OSCS), consisted of a PC, data acquisition hardware, and customdeveloped software AirDAC (Ni and Heber, 2010), was used for data acquisition and signal
processing. Analog or digital output signals from the gas analyzers and sensors were acquired at 1
Hz and converted to data in engineering units. The converted data were averaged over 15-sec and
1-min intervals and saved in two separate files.
5.3.3.4 Data processing
Collected data were processed by a custom software CAPECAB (Fibre Recovery Systems, Inc.,
Calgary, AB, Canada). Visual inspection and validation were completed to screen invalid data,
which was be removed later after being confirmed with the research field note. Validated data were
corrected based on weekly instrument and sensor calibrations. To avoid the influences of transition
time, only the last 5 min of gas concentration during the 10- and 20-min sampling time were
selected and validated.Data of manure depth, pig number, and pig weight at individual room were
interpolated in the CAPECAB to match the other continuously measured data.
The CO2 and CH4 concentrations were converted from the measured unit ppm to mg m-3 using the
ideal gas law. The N2O concentration was converted from ppb to µg m-3. The emission rate for
each room at a given minute was calculated with Eq. (5):

Ei  (Ci , p  Cinlet )  Vi , p  (Ci ,w  Cinlet )  Vi ,w

(5)

where Ei is gas emission rate from ith room, g min-1 for CO2 and CH4 and mg min-1 for N2O; Ci,p
and Ci,w are gas concentrations at the pit fan exhaust and wall fan exhaust, respectively, of the ith
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room, mg m-3 for CO2 and CH4 and µg m-3 for N2O; Cinlet is gas concentration at the room inlet;
Vi,p and Vi,w are ventilation rates of the two pit fans and two wall fans, respectively, in the ith room,
m3 min-1.

The 1-min gas emission rates were used to obtain sample means and daily means. The phase and
cycle means were calculated by averaging the daily means over the phase or cycle, respectively
(Liu et al., 2017).

The effects of CP-reduced and AA supplemented diet on GHG emissions were tested by the
ANOVA (analysis of variance) analysis. Multiple comparison Tukey’s studentized range tests
were also conducted to access the differences among groups. Statistical analysis was performed
by the software SAS 9.4 (SAS Institute Inc., Cary, NC).

Results
5.4.1

Carbon dioxide emissions from the 12 pig rooms

The daily mean CO2 emission rates of all pig rooms decreased towards the end of the experiment
(Figure 5-2). Carbon dioxide from swine building originated from both pig’s respiratory tract and
the manure in the pit. In this study, heaters were turned on to maintain the moderate ambient
temperature for pigs in winter, burning propane and generating CO2. Therefore, only the CO2
emissions monitored during grower and finisher stages were considered as valid data.
The group cycle mean CO2 emission rates were 8.8±2.3, 9.0±2.3, and 9.5±2.3 kg d-1 AU-1 for the
control, T1 and T2 group, respectively. The control and the T2 group were significantly different
from each other (p < 0.05), but neither was different from T1. This result supported the conclusion
of Clarks et al. (2005) that the CP reduction increased the CO2 emission.
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Figure 5-2 Daily mean carbon dioxide emissions from the 12 pig rooms.
The monitored group cycle mean CO2 emission rate of the control group was slightly higher than
that measured by Costa and Guarino (2009) in a fully-slatted swine building (chimney exhaust)
during their first experimental period (8.3 kg d-1 AU-1) but lower than that measured during the
other two periods (17.2 and 15.5 kg d-1 AU-1).
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Table 5-3 Group phase mean carbon dioxide emission rates (kg d-1 AU-1).
Phase
Control (g d-1 AU-1)
T1 (g d-1 AU-1)
T2 (g d-1 AU-1)
G1
10.8±2.6b
10.6±2.5b
11.6±2.2a
G2
10.5±1.8
10.6±2.2
11.2±2.1
b
a
G3
8.6±1.3
9.1±1.4
9.3±1.3a
a
a
F1
7.3±1.0
7.5±1.0
7.9±1.0b
F2
6.8±1.1
6.8±1.2
7.2±1.1
a
ab
Overall
8.8±2.3
9.0±2.3
9.5±2.3b
Means with different superscript letters are significantly different.
5.4.2

P value
0.0121
0.0660
0.0020
0.0003
0.0384
0.0118

Methane emissions from the 12 pig rooms

The group cycle mean CH4 emission rates were 127.5±51.1, 170.4±78.0 and 161.6±67.3 g d-1 AU1

, respectively, for the control, T1 and T2 group (p < 0.05). There was a gas leak of the heater in

R2 during the winter. Therefore, the CH4 data collected in R2 between Feb. 25 and Apr. 9 were
removed from data analysis.
The CH4 emissions from the four control rooms demonstrated a “one-peak” pattern, and the highest
emission rates were between d 40 and d 70 (Figure 5-3). For the T1 group, the peak emissions were
delayed and presented between d 60 and d 100. A “two-peak” pattern was observed for the T2
group, where the first peak was between d 60 and d 70, and the second was after d 120.

The effects of dietary treatment on the three groups were statistically significant after phase N3
(Table 5-4), and higher emissions were observed in the two treated groups (p < 0.05). The highest
emission rate was in T1 group between phase N3 and G3. The T2 group emitted less CH4 than
control group between phase N3 and N4, but more during the grower stage. The CH4 emission was
highest from T2 and lowest from control group during the finisher stage.
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Figure 5-3 Daily mean methane emissions from the 12 pig rooms.
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Table 5-4 Group phase mean CH4 emission rates from different growth phase.
Phase
Control (g d-1 AU-1) T1 (g d-1 AU-1) T2 (g d-1 AU-1)
N1
55.9±55.6
51.0±20.3
66.1±40.7
N2
64.9±40.9
69.9±32.4
60.1±42.9
ab
a
N3
81.1±34.0
92.6±41.4
72.7±38.6b
b
a
N4
121.5±59.3
147.7±48.7
118.9±46.8b
G1
154.7±50.3b
185.6±47.6a
162.1±36.6b
G2
166.9±35.4c
239.5±74.6a
191.9±35.0b
G3
147.0±29.9b
217.5±81.3a
161.1±41.4b
b
b
F1
130.1±31.9
163.3±48.6
182.3±69.5a
F2
106.5±30.9c
133.0±50.7b
206.4±88.0a
Overall 127.5±51.1c
170.4±78.0a
161.6±67.3b
Means with different letters are significantly different.
5.4.3

P value
0.58
0.75
0.04
0.02
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Nitrous oxide emissions from the 12 pig rooms

The group cycle mean N2O emission rates were 1001.1±707.0, 878.4±638.8 and 824.5±460.4 mg
d-1 AU-1, respectively, for the control, T1, and T2 group. For all three groups, the emissions were
highest during the nursery stage, and the variabilities among rooms of the same group were
substantial (Figure 5-4). The N2O emission hereafter decreased continuously throughout the cycle
and the within-group variabilities gradually became less.
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Figure 5-4 Daily mean nitrous oxide emissions from the 12 pig rooms.
Significant differences of N2O emission were observed among the three groups between phase N1
and G2 (p < 0.05). During the nursery stage, the N2O emission from the control group was highest,
and that from the T1 group was lowest for most of the time (Table 5-5). The phase mean emission
rate of the T2 group was significantly higher than the other two group during phases G1 and G2.
The group cycle mean N2O emission rate was significantly higher in the control group than that in
the two treated groups (p < 0.01).
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Table 5-5 Group phase mean N2O emission rates from different growth phase.
Phase
Control (g d-1 AU-1)
T1 (g d-1 AU-1)
N1
2497.8±606.4a
1551.6±1109.0b
N2
2165.6±368.1a
1421.4±875.9b
N3
2094.2±507.0a
1915.3±975.0ab
a
N4
1290.7±316.5
1111.1±182.3b
G1
906.5±144.0 ab
849.9±150.3b
G2
654.3±162.5b
659.5±160.4ab
G3
547.6±183.2a
584.4±192.5a
a
F1
508.8±151.6
525.3±148.4a
F2
473.7±169.4a
473.1±172.5a
Overall 1001.1±707.0a
878.4±638.8b
Means with different letters are significantly different.

T2 (g d-1 AU-1)
2045.0±814.7ab
1725.3±484.0ab
1640.1±491.2b
1185.2±419.9ab
915.8±172.8a
719.5±168.3a
599.9±182.2a
566.7±149.6a
526.6±166.5a
824.5±460.4b

P value
0.0019
0.0016
0.0033
0.0157
0.0244
0.0248
0.1755
0.0678
0.0960
<0.0001

Discussion
5.5.1
Mechanisms of crude protein reduction and amino acid supplementation on
greenhouse gases
5.5.1.1 Carbon dioxide
There were two sources of CO2 generation, exhalation, and manure, in a deep-pit swine building.
Both pathways could be affected by the dietary treatment.

The CO2 from manure originated from the hydrolysis of urea in the urine and the anaerobic
digestion of organic substances in the manure (Ni et al., 1999). Primary influencing factors
included the composition, volume, age, temperature, and surface airflow rate of the manure
(Deublein and Steinhauser, 2010; Ni et al., 1999). On the one hand, the reduction of CP could
decrease the CO2 from urea hydrolysis by reducing the excreted urea in the urine. On the other
hand, the two treated groups showed decreased manure pH (Liu et al., 2017). The increased H+
stimulated the formation of CO2 through the hydrolysis of bicarbonate in solution as shown in Eq.
(6) and Eq. (7):

HCO3  OH   H 2O  CO32

(6)

HCO3  H   H 2O  CO2

(7)

Separately monitoring the CO2 from pig exhalation and that from manure is difficult in field
conditions. It was believed that the primary source of CO2 from the pig building was pig’s
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respiration (Anderson et al., 1987; Van’t Klooster and Heitlager, 1994). Pedersen et al. (2008)
summarized literature and reported that the CO2 from manure accounted for about or above 10%
of the total. He pointed out that long-time storage of manure would lead to higher CO2 production
from manure. Ni et al. (1999b) reported that the CO2 from manure was underestimated: the ratio
of CO2 from manure to that from exhalation was 37.5%, and the maximum ratio reached 94% after
continuously monitoring the CO2 from a pig room of a 26.5 m2 manure pit (pit depth 2-m).

The model developed by Ni et al. (1999b), of which the results were consistant with Zong et al.
(2014b), was selected to estimate the amount of CO2 released from manure. During grower and
finisher stage (manure age 44–147 d), the calculated CO2 from manure was 38.5, 38.5, and 36.9
kg d-1, respectively, from the control, T1 and T2 group, accounting for 56%, 51%, and 47% of the
total emission. Though this result could not suggest influences of the dietary treatment on CO2
emission because the manure properties were not considered in the model, it suggested that the
amount of CO2 from manure could be as high as that from exhalation.

The CO2 exhaled from pigs were affected by total pig weight, physiological stage, feed intake, and
animal activity (CIGR, 2002; Pedersen et al., 2008; Philippe and Nicks, 2015). There were very
limited experimental tests on how dietary integrates influenced pig’s exhaled CO2. Atakora et al.
(2003) assumed that the corns supplemented to the CP-reduced diets had less C-content and higher
metabolism efficiency than the protein content (Atakora et al., 2003). They monitored the
greenhouse gases from respiration chambers and found no significant effects of CP-reduction on
CO2 production.
5.5.1.2 Methane
The CH4 was produced by the anaerobic digestion of organic matter both in the pig’s digestive
tract and in the manure (Philippe et al., 2015). In these deep-pit pig rooms, CH4 produced from
enteric fermentation and manure storage may not be separated (Kebreab et al., 2006). The change
of dietary composition could influence both the paths of CH4 production.

In this study, the enteric CH4 could be highest from the T2 and lowest from the control group as
the CP content decreased, and corn increased from the control to T2 group. Jørgensen et al. (2011)
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summarized previous studies carried out in respiration chambers and found that the dietary
composition played a significant role on the CH4 emission from enteric fermentation of pigs. He
reported that the CH4 emission was negatively correlated with dietary protein and strongly
positively correlated with fermented fibers.

The manure pH was shown in Table 5-6, and it decreased remarkably from the control to the T2
groups. The increased amount of corn for the two treated groups could lead to higher amount of
corn starch bypass the small intestine and ferment in the large intestine. As a result, more intensive
microbial degradation could be stimulated, generating a number of products, such as short chain
fatty acids, CO2, hydrogen and CH4, and lactic acids, and leading to lower fecal pH (Drochner,
1993). Consistent with this study, Hansen et al. 2014 also observed higher CH4 emission (p > 0.05)
and lower pH for the slurry produced by finishing pigs fed with diet of lower CP and increased
wheat and barley.
Table 5-6 Mean manure pH for different groups and at different growth stages.
Growth stage
Nursery
Grower
Finisher
Control
6.74
7.33
7.32
T1
6.22
7.00
7.26
T2
5.75
6.27
6.90
Source: Liu et al. (2017).
Group

The pH range of CH4 production from high-solids digestion with moisture contents of 90–96%
was 6.6–6.8, optimized at pH 6.8 (Jiunn-Jyi et al., 1997). For the T1 group, the pH was closest to
the optimal during the grower stage (7.00) and for the T2 group during the finisher stage (6.90).
And the stage mean emission rate was highest for T1 and T2 groups during grower and finisher
stages, respectively. Though the pH of the control groups is closest to the optimal during the
nursery stage, the generation of CH4 was too limited to reflect the dietary effects as the anaerobic
environment was still forming in the pits.
5.5.1.3 Nitrous oxide
Manure is the only source of N2O from pig rooms. However, the N2O emission demonstrated large
temporal and spatial variations. The condition of N2O generation was favored when a crust was
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formed on the surface of pig slurry, where “hot spots” of combined aerobic and anaerobic
conditions could be provided (Amon et al., 2006; Philippe and Nicks, 2015).

In this study, though there were significant differences among groups, the cycle mean N2O
emission rate was higher in control than the two treated groups. One possible cause was the
reduced nitrogen intake of the pigs of the two treated groups, resulting in less N available in the
manure (Liu et al., 2017). However, this relationship did not maintain during all growth phases
due to the stochastic nature of N2O.
5.5.2

GWP-weighted GHG emissions

Based on the 100-year timescale, the Global Warming Potentials (GWP), a concept suggested by
EPA for comparing the atmospheric heat-trapping effects of each greenhouse gas relative to CO2,
were 1, 25, and 298 for CO2, CH4, and N2O, respectively (EPA, 2016).

The CO2 emitted by the control, T1, and T2 group resulted in an accumulative GWP of 838.5, 853.1,
and 888.1 kg CO2 eq. AU-1, respectively; the CH4 was 421.5, 638.7, and 495.6 kg CO2 eq. AU-1,
respectively; and the emitted N2O related with the GWP of 40.2, 34.8, and 37.1 kg CO2 eq. AU-1,
respectively, throughout the weaned-finisher cycle. For all three groups, the CO2 related GWP
from grower stage was much higher than that from the finisher stage (Figure 5-5). Most of the CH4
related GWP was generated between G1 and F1 when the accumulative GWP accounted for
62.8%–70.3% of the total. The N2O related GWP was highest for the phase N3 when the
accumulative GWP accounted for 17.8%–23.0% of the total.
The accumulated GWP of the nursery-finisher cycle was 1300.2, 1436.6, and 1420.9 kg AU-1
CO2eq., for the control, T1, and T2, respectively. The dietary CP reduction and AA
supplementation increased the GWP of the two treated groups.
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Figure 5-5 GWP weighted GHG emissions at different pig growth phase.
Conclusions
1. The group cycle mean CO2 emission rates were 8.8±2.3, 9.0±2.3, and 9.5±2.3 kg d-1 AU-1
for the control, T1 and T2 group, respectively. The effects of CP reduction and AA supplementation
was significantly different between the control and T2 group (p < 0.05).

163
2. The group cycle mean CH4 emission rates were 127.5±51.1, 170.4±78.0 and 161.6±67.3
g d-1 AU-1, respectively, for the control, T1 and T2 group. The CH4 emission could be enhanced if
the pH of the manure was adjusted to the optimum range of anaerobic digestion.
3. The group cycle mean N2O emission rates were 1001.1±707.0, 878.4±638.8 and 824.5±460.4
mg d-1 AU-1, respectively, for the control, T1, and T2 group. The reduced dietary N could reduce
the N2O emission from the two treated groups.
4. The accumulated GWP of the cycle was 1300.2, 1436.6, and 1420.9 kg AU-1 CO2eq., for the
control, T1, and T2, respectively. The two treated groups had higher GWP than the control group.

References
Aarnink, A.J.A., Keen, A., Metz, J.H.M., Speelman, L., Verstegen, M.W.A., 1995. Ammonia
emission patterns during the growing periods of pigs housed on partially slatted floors. J.
Agric. Eng. Res. 62(2), 105–116. http://dx.doi.org/10.1006/jaer.1995.1069.
Aarnink, A.J.A., Swierstra, D., van den Berg, A.J., Speelman, L., 1997. Effect of type of slatted
floor and degree of fouling of solid floor on ammonia emission rates from fattening piggeries.
J. Agric. Eng. Res. 66(2), 93–102. http://dx.doi.org/10.1006/jaer.1996.0121.
Aarnink, A.J.A., van den Berg, A.J., Keen, A., Hoeksma, P., Verstegen, M.W.A., 1996. Effect of
slatted floor area on ammonia emission and on the excretory and lying behavior of growing
pigs. J. Agric. Eng. Res. 64(4), 299–310. http://dx.doi.org/10.1006/jaer.1996.0071.
Aarnink, A.J.A., Verstegen, M.W.A., 2007. Nutrition, key factor to reduce environmental load
from pig production. Livest. Sci. 109(1－3), 194–203. http://dx.doi.org/10.1016/
j.livsci.2007.01.112.
Aarnink, A.J.A., Wagemans, M.J.M., 1997. Ammonia volatilization and dust concentration as
affected by ventilation systems in houses for fattening pigs. Trans. ASAE 40(4), 1161–1170.
Amon, B., Kryvoruchko, V., Amon, T., Zechmeister-Boltenstern, S., 2006. Methane, nitrous oxide
and ammonia emissions during storage and after application of dairy cattle slurry and
influence of slurry treatment. Agric. Ecosyst. Environ. 112, 153–162. http://dx.doi.org/
10.1016/j.agee.2005.08.030.

164
Anderson, G.A., Smith, R.J., Bundy, D.S., Hammond, E.G., 1987. Model to predict gaseous
contaminants in swine confinement buildings. J. Agric. Eng. Res. 37(3–4), 235–253.
http://dx.doi.org/10.1016/S0021-8634(87)80021-5.
Anonymous, 2016. Research shows inaccuracies in emission measurements of important
greenhouse

gas

nitrous

oxide.

http://phys.org/news/2016-05-inaccuracies-emission-

important-greenhouse-gas.html (accessed 1.1.16).
Anonymous, 2015. Pig factory sued for keeping community in dark about hazardous pollutants.
Hum.

Soc.

United

States.

www.humanesociety.org/news/press_releases/2015/07/

factory-farm-sued-ammonia-070115.html (accessed 12.21.16).
Arogo, J., Zhang, R.H., Riskowski, G.L., Day, D.L., 2000. Hydrogen sulfide production from
stored liquid swine manure: A laboratory study. Trans. ASAE 43(5), 1241–1245.
http://dx.doi.org/10.13031/2013.3017.
Atakora, J.K.A., Mohn, S., Ball, R.O., 2003. Low protein diets reduce greenhouse gas production
in finisher pigs while maintaining animal performance, in: Souffrant, W.B., Metges, C.C.
(Eds.), Progress in Research on Energy and Protein Metabolism. Wageningen Academic
Publication, pp. 331–333.
ATSDR,

2016.

ToxFAQ

for

Hydrogen

Sulfide.

www.atsdr.cdc.gov/toxfaqs/

tf.asp?id=388&tid=67 (accessed 1.1.17).
Bada, O., Liebl, D., 2014. The R-package phtt: panel data analysis with heterogeneous time trends
in R. J. Stat. Softw. 59(6), 1–33. http://dx.doi.org/10.18637/jss.v059.i06.
Baulch, H.M., Dillon, P.J., Maranger, R., Venkiteswaran, J.J., Wilson, H.F., Schiff, S.L., 2012.
Night and day: short-term variation in nitrogen chemistry and nitrous oxide emissions from
streams. Freshw. Biol. 57(3), 509–525. http://dx.doi.org/10.1111/j.1365-2427.2011.02720.x.
Behera, S.N., Sharma, M., Aneja, V.P., Balasubramanian, R., 2013. Ammonia in the atmosphere:
a review on emission sources, atmospheric chemistry and deposition on terrestrial bodies.
Environ. Sci. Pollut. Res. Int. 20(11), 8092–8131. http://dx.doi.org/10.1007/s11356-0132051-9.

165
Blanes-Vidal, V., Guàrdia, M., Dai, X.R., Nadimi, E.S., 2012. Emissions of NH3, CO2 and H2S
during swine wastewater management: Characterization of transient emissions after air-liquid
interface

disturbances.

Atmos.

Environ.

54,

408–418.

http://dx.doi.org/10.1016/

j.atmosenv.2012.02.046.
Blanes-Vidal, V., Hansen, M.N., Pedersen, S., Rom, H.B., 2008. Emissions of ammonia, methane
and nitrous oxide from pig houses and slurry: Effects of rooting material, animal activity and
ventilation

flow.

Agric.

Ecosyst.

Environ.

124(3–4),

237–244.

http://dx.doi.org/10.1016/j.agee.2007.10.002.
Blunden, J., Aneja, V.P., Westerman, P.W., 2008. Measurement and analysis of ammonia and
hydrogen sulfide emissions from a mechanically ventilated swine confinement building in
North

Carolina.

Atmos.

Environ.

42(14),

3315–3331.

http://dx.doi.org/

10.1016/j.atmosenv.2007.06.040.
Bogan, B.W., Wang, K., Robarge, W.P., Kang, J., Heber, A.J., 2010. National air emissions
monitoring study: Emissions data from three swine finishing barns in North Carolina - Site
NC3B. Purdue University, West Lafayette IN.
Bremner, J.M., Keeney, D.R., 1965. Steam distillation methods for determination of ammonium,
nitrate

and

nitrite.

Anal.

Chim.

Acta

32,

485–495.

http://dx.doi.org/

10.1016/S0003-2670(00)88973-4.
Brown, J.A., Cline, T.R., 1974. Urea excretion in the pig : An indicator of protein quality and
amino acid requirements. J. Nutr. 104(5), 542–545.
Buiter, J.J., Hoff, S.J., 1998. Ammonia distribution in a pit-ventilated confinement building: Onehalf

scale

model

study.

Trans.

ASAE

41(6),

1817–1827.

http://dx.doi.org/

10.13031/2013.17335.
Cabaraux, J.-F., Philippe, F.-X., Laitat, M., Canart, B., Vandenheede, M., Nicks, B., 2009.
Gaseous emissions from weaned pigs raised on different floor systems. Agric. Ecosyst.
Environ. 130(3–4), 86–92. http://dx.doi.org/10.1016/j.agee.2008.11.016.
Canh, T.T., Aarnink, A.J.A., Schutte, J.B., Sutton, A., Langhout, D.J., Verstegen, M.W.A., 1998a.
Dietary protein affects nitrogen excretion and ammonia emission from slurry of growingfinishing

pigs.

Livest.

Prod.

10.1016/S0301-6226(98)00156-0.

Sci.

56(3),

181–191.

http://dx.doi.org/

166
Canh, T.T., Aarnink, A.J., Verstegen, M.W., Schrama, J.W., 1998b. Influence of dietary factors
on the pH and ammonia emission of slurry from growing-finishing pigs. J. Anim. Sci. 76(4),
1123–1130. http://dx.doi.org/10.2527/1998.7641123x.
Canh, T.T., Sutton, A.L., Aarnink, A.J.A., Verstegen, M.W.A., Schrama, J.W., Bakker, G.C.M.,
1998c. Dietary Carbohydrates Alter the Fecal Composition and pH and the Ammonia
Emission

from

Slurry

of

Growing

Pigs.

J.

Anim.

Sci.

76(7),

1887–1895.

http://dx.doi.org/10.2527/1998.7671887x.
Canh, T.T., Verstegen, M.W., Aarnink, A.J., Schrama, J.W., 1997. Influence of dietary factors on
nitrogen partitioning and composition of urine and feces of fattening pigs. J. Anim. Sci. 75(3),
700–706. http://dx.doi.org/10.2527/1997.753700x.
Chénard, L., Lemay, S.P., Laguë, C., 2003. Hydrogen sulfide assessment in shallow-pit swine
housing and outside manure storage. J. Agric. Saf. Health 9(4), 285–302.
CIGR, 2002. Climatization of animal houses. Heat and moisture production at animal and house
levels, CIGR 4th Report of Work Group on Climatization of animal houses.
Clark, O.G., Moehn, S., Edeogu, I., Price, J., Leonard, J., 2005. Manipulation of dietary protein
and nonstarch polysaccharide to control swine manure emissions. J. Environ. Qual. 34(5),
1461. http://dx.doi.org/10.2134/jeq2004.0434.
Cortus, E.L., Koziel, J., Cai, L., Hoff, S.J., Harmon, J., Mickelson, J., Heber, A.J., 2010. National
air emissions monitoring study: Emissions data from two sow barns and one swine farrowing
room in Iowa- Site IA4B. Final report. Purdue University, West Lafayette IN.
Cortus, E.L., Lemay, S.P., Barber, E.M., Hill, G.A., Godbout, S., 2008. A dynamic model of
ammonia

emission

from

urine

puddles.

Biosyst.

Eng.

99(3),

390–402.

http://dx.doi.org/10.1016/j.biosystemseng.2007.11.004.
Costa, A., Guarino, M., 2009. Definition of yearly emission factor of dust and greenhouse gases
through continuous measurements in swine husbandry. Atmos. Environ. 43(8), 1548–1556.
http://dx.doi.org/10.1016/j.atmosenv.2008.11.009.
Demmers, T.G.M., Burgess, L.R., Short, J.L., Phillips, V.R., Clark, J.A., Wathes, C.M., 1999.
Ammonia emissions from two mechanically ventilated UK livestock buildings. Atmos.
Environ. 33(2), 217–227. http://dx.doi.org/10.1016/S1352-2310(98)00150-2.

167
Deublein, D., Steinhauser, A., 2010. Biogas from waste and renewable resources: An introduction.
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. http://dx.doi.org/10.1002/
9783527632794.
Dong, H., Zhu, Z., Shang, B., Kang, G., Zhu, H., Xin, H., 2007. Greenhouse gas emissions from
swine barns of various production stages in suburban Beijing, China. Atmos. Environ. 41(11),
2391–2399. http://dx.doi.org/10.1016/j.atmosenv.2006.11.005.
Donnelle Eller, 2015. Groups sue EPA over animal confinement air pollution. Des Moines Regist.
www.desmoinesregister.com/story/money/agriculture/2015/01/28/environmental-integrityproject-humane-society-epa-confinement-emissions-lawsuit/22473897/ (accessed 12.21.16).
Drochner, W., 1993. Digestion of carbohydrates in the pig. Arch. Tierernahr. 43(2), 95–116.
http://dx.doi.org/10.1080/17450399309386027.
Drummond, J.G., Curtis, S.E., Simon, J., Norton, H.W., 1980. Effects of aerial ammonia on growth
and health of young pigs. J. Anim. Sci. 50(6), 1085–1091. http://dx.doi.org/10.2527/
jas1980.5061085x.
Edmonds, M.S., Baker, D.H., 1987. Amino Acid Excesses for Young Pigs: Effects of Excess
Methionine, Tryptophan, Threonine or Leucine. J. Anim. Sci. 64(6), 1664–1671.
http://dx.doi.org/10.2527/jas1987.6461664x.
Elliott, H.A., Collins, N.E., 1982. Factors affecting ammonia release in broiler houses. Trans.
ASAE 25(2), 413–418. http://dx.doi.org/10.13031/2013.33545.
EPA, 2016. Inventory of U. S. Greenhouse Gas Emissions and Sinks : 1990 – 2014.
http://dx.doi.org/EPA 430-R-13-001.
EPA, 2009. CERCLA/EPCRA Administrative Reporting Exemption for Air Releases of
Hazardous Substances from Animal Waste at Farms. www.epa.gov/sites/production/
files/2013-08/documents/cafo_rule_fact_sheet.pdf (accessed 6.28.16).
Figueroa, J.L., Lewis, A.J., Miller, P.S., Fischer, R.L., Gómez, R.S., Diedrichsen, R.M., 2002.
Nitrogen metabolism and growth performance of gilts fed standard corn-soybean meal diets
or low-crude protein, amino acid-supplemented diets. J. Anim. Sci. 80(11), 2911–2919.
http://dx.doi.org/10.2527/2002.80112911x.

168
Galloway, J.N., Dentener, F.J., Capone, D.G., Boyer, E.W., Howarth, R.W., Seitzinger, S.P.,
Asner, G.P., Cleveland, C.C., Green, P.A., Holland, E.A., Karl, D.M., Michaels, A.F., Porter,
J.H., Townsend, A.R., Vörösmartyj, C.J., 2004. Nitrogen cycles: past, present, and future.
Biogeochemistry 70(2), 153–226. http://dx.doi.org/10.1007/s10533-004-0370-0.
Gates, R.S., Casey, K.D., Xin, H., Wheeler, E.F., Simmons, J.D., 2004. Fan Assessment
Numeration System (FANS) design and calibration specifications. Trans. Am. Soc. Agric.
Eng. 47(5), 1709–1715.
Gay, S.W., Schmidt, D.R., Clanton, C.J., Janni, K.A., Jacobson, L.D., Weisberg, S., 2003. Odor,
total reduced sulfur, and ammonia emissions from animal housing facilities and manure
storage units in minnesota. Appl. Eng. Agric. 19(3), 347–360.
Giamalva, J., 2014. Pork and Swine: Industry and Trade Summary.
Guingand, N., Quiniou, N., Courboulay, V., 2010. Comparison of ammonia and greenhouse gas
emissions from fattening pigs kept either on partially slatted floor in cold conditions or on
fully slatted floor in thermoneutral conditions, in: International Symposium on Air Quality
and Manure Management for Agriculture. ASABE , Dallas, TX.
Haeussermann, A., Hartung, E., Gallmann, E., Jungbluth, T., 2006. Influence of season, ventilation
strategy, and slurry removal on methane emissions from pig houses. Agric. Ecosyst. Environ.
112(2–3), 115–121. http://dx.doi.org/10.1016/j.agee.2005.08.011.
Hansen, J.A., Knabe, D.A., Burgoon, K.G., 1993. Amino acid supplementation of low-protein
sorghum-soybean meal diets for 5- to 20-kilogram swine. J. Anim. Sci. 71(2), 452–458.
Hassouna, M., Robin, P., Charpiot, A., Edouard, N., Méda, B., 2013. Infrared photoacoustic
spectroscopy in animal houses: Effect of non-compensated interferences on ammonia, nitrous
oxide

and

methane

air

concentrations.

Biosyst.

Eng.

114(3),

318–326.

http://dx.doi.org/10.1016/j.biosystemseng.2012.12.011.
Hayes, E.T., Leek, A.B.G., Curran, T.P., Dodd, V.A., Carton, O.T., Beattie, V.E., O’Doherty, J.V.,
2004. The influence of diet crude protein level on odour and ammonia emissions from
finishing pig houses. Bioresour. Technol. 91(3), 309–315. http://dx.doi.org/10.1016/S09608524(03)00184-6.
Heber, A.J., Haymore, B.L., Duggirala, R.K., Keener, K.M., 2001. Air quality and emission
measurement methodology at swine finishing buildings. Trans. ASAE 44(6), 1765–1778.

169
Heber, A.J., Ni, J.-Q., Lim, T.T., Diehl, C.A., Sutton, A.L., Duggirala, R.K., Haymore, B.L., Kelly,
D.T., Adamchuk, V.I., 2000. Effect of a manure additive on ammonia emission from swine
finishing buildings. Trans. ASAE 43(6), 1895–1902.
Henderson, R., 2011. New TLV® exposure limit: Measuring hydrogen sulfide. Ind. Saf. Hyg.
News.

www.ishn.com/articles/91070-new-tlv-exposure-limit-measuring-hydrogen-sulfide

(accessed 1.10.17).
Hendriks, J., Berckmans, D., Vinckier, C., 1998. Field tests of bio-additives to reduce ammonia
emission from and ammonia concentration in pig houses. ASHRAE Trans. 104, 1699–1705.
Hinz, T., Linke, S., 1998. A comprehensive experimental study of aerial pollutants in and
emissions from livestock buildings. Part 2: Results. J. Agric. Eng. Res. 70(1), 119–129.
http://dx.doi.org/10.1006/jaer.1998.0282.
Hoff, S.J., Bundy, D.S., Nelson, M. a, Zelle, B.C., Larry, D., Heber, A.J., Ni, J.-Q., Zhang, Y.,
Koziel, J.A., Beasley, B., 2006. Emissions of ammonia, hydrogen sulfide, and odor before,
during, and after slurry removal from a deep-pit swine finisher. J. Air Waste Manag. Assoc.
56(5), 581–590. http://dx.doi.org/10.1080/10473289.2006.10464472.
Holden, P.J., Ensminger, M.E., 2006. Swine Science, 7th ed. Pearson Education Ltd., New Jersey.
Jacobson, L.D., Heber, a J., Hoff, S.J., Zhang, Y., Beasley, D.B., Koziel, J. a, Hetchler, B.P., 2006.
Aerial Pollutants Emissions from Confined Animal Buildings. Work. Agric. Air Qual. 5-8
June, Maryland, USA 775–784.
James, K.M., Blunden, J., Rumsey, I.C., Aneja, V.P., 2012. Characterizing ammonia emissions
from a commercial mechanically ventilated swine finishing facility and an anaerobic waste
lagoon in North Carolina. Atmos. Pollut. Res. 3(3), 279–288. http://dx.doi.org/10.5094/
APR.2012.031.
Jiunn-Jyi, L., Yu-You, L., Noike, T., 1997. Influences of pH and moisture content on the methane
production

in

high-solids

sludge

digestion.

Water

Res.

31(6),

1518–1524.

http://dx.doi.org/10.1016/S0043-1354(96)00413-7.
Kafle, G.K., Chen, L., 2014. Emissions of odor, ammonia, hydrogen sulfide, and volatile organic
compounds from shallow-pit pig nursery rooms. J. Biosyst. Eng. 39(2), 76–86.
http://dx.doi.org/10.5307/JBE.2014.39.2.076.

170
Kebreab, E., Clark, K., Wagner-Riddle, C., France, J., 2006. Methane and nitrous oxide emissions
from Canadian animal agriculture: A review. Can. J. Anim. Sci. 86(2), 135–157.
http://dx.doi.org/10.4141/A05-010.
Kerr, B.J., Easter, R.A., 1995. Effect of feeding reduced protein, amino acid-supplemented diets
on nitrogen and energy balance in grower pigs. J. Anim. Sci. 73(10), 3000–3008.
http://dx.doi.org/10.2527/1995.73103000x.
Kerr, B.J., Ziemer, C.J., Trabue, S.L., Crouse, J.D., Parkin, T.B., 2006. Manure composition of
swine as affected by dietary protein and cellulose concentrations. J. Anim. Sci. 84(6), 1584–
1592. http://dx.doi.org/10.2527/2006.8461584x.
Kim, K.Y., Ko, H.J., Lee, K.J., Park, J.B., Kim, C.N., 2005. Temporal and spatial distributions of
aerial contaminants in an enclosed pig building in winter. Environ. Res. 99(2), 150–157.
http://dx.doi.org/10.1016/j.envres.2004.10.004.
Kirchgessner, M., Kreuzer, M., Machmüller, A., Roth-Maier, D.A., 1994. Evidence for a high
efficiency of bacterial protein synthesis in the digestive tract of adult sows fed supplements
of

fibrous

feedstuffs.

Anim.

Feed

Sci.

Technol.

46(3–4),

293–306.

http://dx.doi.org/10.1016/0377-8401(94)90147-3.
Kneip, A., Sickles, R.C., Song, W., 2012. A new panel data treatment for heterogeneity in time
trends. Econom. Theory 28(3), 590–628. http://dx.doi.org/10.1017/S026646661100034X.
Le, P.D., Aarnink, A.J.A., Jongbloed, A.W., van der Peet-Schwering, C.M.C., Ogink, N.W.M.,
Verstegen, M.W.A., 2007. Effects of dietary crude protein level on odour from pig manure.
Animal 1(5), 734–744. http://dx.doi.org/10.1016/j.livsci.2007.04.009.
Leek, A.B.G., Hayes, E.T., Curran, T.P., Callan, J.J., Beattie, V.E., Dodd, V.A., O’Doherty, J. V.,
2007. The influence of manure composition on emissions of odour and ammonia from
finishing pigs fed different concentrations of dietary crude protein. Bioresour. Technol.
98(18), 3431–3439. http://dx.doi.org/10.1016/j.biortech.2006.11.003.
Lewis, A.J., Southern, L.L., 2000. Swine Nutrition. CRC Press, Boca Raton, Florida.
Li, S., Li, H., Xin, H., Burns, R.T., 2011. Particulate matter concentrations and emissions of a
high-rise layer house in Iowa. Trans. ASABE 54(3), 1093–1101. http://dx.doi.org/
10.13031/2013.37101.

171
Lim, T.T., Chen, Y., Jin, Y., Ha, C., Ni, J.-Q., Bogan, B.W., Ramirez, J.C., Diehl, C., Xiao, C.,
Heber, A.J., 2010. National air emissions monitoring study: Emissions data from four swine
finishing rooms - Site IN3B. Final report. Purdue University, West Lafayette IN.
Lim, T.T., Heber, A.J., Ni, J.-Q., 2003. Air quality measurements at a laying hen house : odor and
hydrogen sulfide emissions, in: International Symposium on Control of Gaseous and Odor
Emissions from Animal Production Facilities. Danish Institute of Agricultural Sciences
Foulum, Horsens, Denmark, pp. 1–9.
Lim, T.T., Ni, J.-Q., Heber, A.J., Jin, Y., 2010. Applications and calibrations of the fans and
traverse methods for barn airflow rate measurement, in: International Symposium on Air
Quality and Manure Management for Agriculture. Dallas, TX.
Lin, X.-J., Cortus, E.L., Zhang, R., Jiang, S., Heber, A.J., 2012. Ammonia, hydrogen sulfide,
carbon dioxide and particulate matter emissions from California high-rise layer houses.
Atmos. Environ. 46, 81–91. http://dx.doi.org/10.1016/j.atmosenv.2011.10.021.
Liu, S., Ni, J.-Q., Radcliffe, J.S., Vonderohe, C.E., 2017. Mitigation of ammonia emissions from
pig production using reduced dietary crude protein with amino acid supplementation.
Bioresour. Technol. 233, 200–208. http://dx.doi.org/10.1016/j.biortech.2017.02.082.
Liu, Z., Powers, W., Liu, H., 2013. Greenhouse gas emissions from swine operations: Evaluation
of the Intergovernmental Panel on Climate Change approaches through meta-analysis. J.
Anim. Sci. 91(8), 4017–4032. http://dx.doi.org/10.2527/jas.2012-6147.
Liu, Z., Powers, W., Murphy, J., Maghirang, R., 2014. Ammonia and hydrogen sulfide emissions
from swine production facilities in North America: a meta-analysis. J. Anim. Sci. 92(4),
1656–1665. http://dx.doi.org/10.2527/jas.2013-7160.
Monteny, G.J., Erisman, J.W., 1998. Ammonia emission from dairy cow buildings: A review of
measurement techniques, influencing factors and possibilities for reduction. Netherlands J.
Agric. Sci. 46(3), 225–247.
Monteny, G.J., Smits, M.C.J., van Duinkerken, G., Mollenhorst, H., de Boer, I.J.M., 2002.
Prediction of ammonia emission from dairy barns using feed characteristics part II: relation
between urinary urea concentration and ammonia emission. J. Dairy Sci. 85(12), 3389–3394.
http://dx.doi.org/10.3168/jds.S0022-0302(02)74426-3.

172
Mosquera, J., Ogink, N.W.M., 2011. Reducing the sampling periods required in protocols for
establishing ammonia emissions from pig fattening buildings using measurements and
modelling. Biosyst. Eng. 110(2), 90–96. http://dx.doi.org/10.1016/j.biosystemseng.
2011.06.010.
Ngwabie, N.M., Jeppsson, K. ‐h, Nimmermark, S., Gustafsson, G., 2011. Effects f animal and
climate parameters on gas eissions from a barn for fattening pigs. Appl. Eng. Agric. 27(6),
1027–1037.
Ni, J.-Q., 2015. Research and demonstration to improve air quality for the U.S. animal feeding
operations in the 21st century - a critical review. Environ. Pollut. 200, 105–19.
http://dx.doi.org/10.1016/j.envpol.2015.02.003.
Ni, J.-Q., 1999. Mechanistic models of ammonia release from liquid manure: a review. J. Agric.
Eng. Res. 72(1), 1–17. http://dx.doi.org/10.1006/jaer.1998.0342.
Ni, J.-Q., Diehl, C.A., Liu, S., Lopes, I.M., Radcliffe, J.S., Richert, B., 2015. An innovative
ventilation monitoring system at a pig experimental building, in: International Symposium on
Animal Environment and Welfare. China Agriculture Press, Beijing, China, pp. 58–65.
Ni, J.-Q., Heber, A.J., 2010. An on-site computer system for comprehensive agricultural air quality
research. Comput. Electron. Agric. 71(1), 38–49. http://dx.doi.org/10.1016/j.compag.
2009.12.001.
Ni, J.-Q., Heber, A.J., 2008. Sampling and measurement of ammonia at animal facilities. Adv.
Agron. 98, 201–269. http://dx.doi.org/10.1016/S0065-2113(08)00204-6.
Ni, J.-Q., Heber, A.J., Diehl, C.A., Lim, T.T., Duggirala, R.K., Haymore, B.L., 2002a.
Summertime concentrations and emissions of hydrogen sulfide at a mechanically ventilated
swine finishing building. Trans. ASAE 45(1), 193–199.
Ni, J.-Q., Heber, A.J., Lim, T.-T., 2017a. Ammonia and hydrogen sulfide in swine production, in:
Banhazi, T., Aland, A. (Eds.), Air Quality and Livestock Production. CRC Press, Florida,
USA.
Ni, J.-Q., Heber, A.J., Lim, T.T., Claude A. Diehl, 2005. A low-cost technique to monitor
ventilation fan operation at animal buildings, in: Livestock Environment VII, 18-20 May
2005, Beijing, China. American Society of Agricultural and Biological Engineers, St. Joseph,
MI, p. 389. http://dx.doi.org/10.13031/2013.18390.

173
Ni, J.-Q., Heber, A.J., Lim, T.T., Diehl, C.A., Duggirala, R.K., Haymore, B.L., 2002b. Hydrogen
sulphide emission from two large pig-finishing buildings with long-term high-requency
measurements. J. Agric. Sci. 138(2), 227–236. http://dx.doi.org/10.1017/S0021859601
001824.
Ni, J.-Q., Heber, A.J., Lim, T.T., Diehl, C.A., Duggirala, R.K., Haymore, B.L., Sutton, A.L., 2000.
Ammonia emission from a large mechanically-ventilated swine building during warm
weather. J. Environ. Qual. 29(3), 751–758.
Ni, J.-Q., Heber, A.J., Lim, T.T., Duggirala, R., Haymore, B.L., Diehl, C.A., Sutton, A.L., 1998.
Hydrogen sulfide emissions from a mechanically ventilated swine building during warm
weather, in: ASAE Annual International Meeting. St.Joseph, MI.
Ni, J.-Q., Heber, A.J., Lim, T.T., Tao, P.C., Schmidt, A.M., 2008. Methane and carbon dioxide
emission

from

two

pig

finishing

barns.

J.

Environ.

Qual.

37(6),

2001.

http://dx.doi.org/http://dx.doi.org/10.2134/jeq2007.0386.
Ni, J.-Q., Heber, A.J., Sutton, A.L., Kelly, D.T., 2013. Mechanisms of gas releases from swine
wastes. Trans. ASABE 52(6), 2013–2025.
Ni, J.-Q., Hendriks, J., Vinckier, C., Coenegrachts, J., 2000. Development and validation of a
dynamic mathematical model of ammonia release in pig house. Environ. Int. 26(1–2), 105–
115. http://dx.doi.org/10.1016/S0160-4120(00)00088-X.
Ni, J.-Q., Kaelin, D., Lopes, I.M., Liu, S., Diehl, C.A., Zong, C., 2016. Design and performance
of a direct and continuous ventilation measurement system for variable-speed pit fans in a pig
building.

Biosyst.

Eng.

147,

151–161.

http://dx.doi.org/10.1016/j.biosystemseng.

2016.04.011.
Ni, J.-Q., Liu, S., Lopes, I.M., Xie, Q., Zheng, P., Diehl, C.A., 2017b. Monitoring, modeling, and
characterizing single-speed ventilation fans for an animal building. Build. Environ. 118, 225–
233. http://dx.doi.org/10.1016/j.buildenv.2017.03.036.
Ni, J.-Q., Liu, S., Radcliffe, J.S., Vonderohe, C., 2017c. Evaluation and characterisation of Passive
Infrared Detectors to monitor pig activities in an environmental research building. Biosyst.
Eng. 158, 86–94. http://dx.doi.org/10.1016/j.biosystemseng.2017.03.014.
Ni, J.-Q., Vinckier, C., Coenegrachts, J., Hendriks, J., 1999a. Effect of manure on ammonia
emission from a fattening pig house with partly slatted floor. Livest. Prod. Sci. 59(1), 25–31.
http://dx.doi.org/10.1016/S0301-6226(99)00002-0.

174
Ni, J.-Q., Vinckier, C., Hendriks, J., Coenegrachts, J., 1999b. Production of carbon dioxide in a
fattening pig house under field conditions. II. Release from the manure. Atmos. Environ.
33(22), 3697–3703. http://dx.doi.org/10.1016/S1352-2310(99)00128-4.
Nicks, B., Philippe, F.-X., Laitat, M., Farnir, F., Canart, B., Vandenheede, M., 2005. Gaseous
emissions in the raising of fattening pigs on fully slatted floor or on straw-based deep litter,
in: A. Krynski, R. Wrzesien (Eds.), Animal and Environment. ISAH, Warsaw, Poland, pp.
373–377.
NIOSH, 2016. NIOSH Pocket Guide to Chemical Hazards - Hydrogen sulfide. Centers Dis.
Control Prev. www.cdc.gov/niosh/npg/npgd0337.html (accessed 1.6.17).
NIOSH, 1978. Occupational health guideline for hydrogen sulfide. www.cdc.gov/niosh/
docs/81-123/pdfs/0337.pdf (accessed 12.29.16).
NRC, 2003. Air Emissions from Animal Feeding Operations: Current Knowledge, Future Needs.
Oesterhelweg, L., Püschel, K., 2008. “Death may come on like a stroke of lightening”:
phenomenological and morphological aspects of fatalities caused by manure gas. Int. J. Legal
Med. 122(2), 101–107. http://dx.doi.org/10.1007/s00414-007-0172-8.
Osada, T., Takada, R., Shinzato, I., 2011. Potential reduction of greenhouse gas emission from
swine manure by using a low-protein diet supplemented with synthetic amino acids. Anim.
Feed Sci. Technol. 166–167, 562–574. http://dx.doi.org/10.1016/j.anifeedsci.2011.04.079.
OSHA, 1993. Occupational Safety and Health Standards (1910.1000 TABLE Z-2). United States
Dep. Labor. www.osha.gov/pls/oshaweb/owadisp.show_document?p_id=9993&p_table=
STANDARDS (accessed 1.10.17).
Otto, E.R., Yokoyama, M., Hengemuehle, S., von Bermuth, R.D., van Kempen, T., Trottier, N.L.,
2003. Ammonia, volatile fatty acids, phenolics, and odor offensiveness in manure from
growing pigs fed diets reduced in protein concentration. J. Anim. Sci. 81(7), 1754–1763.
http://dx.doi.org/10.2527/2003.8171754x.
Panetta, D.M., Powers, W.J., Xin, H., Kerr, B.J., 2005a. Nitrogen excretion and ammonia
emissions from pigs fed reduced crude protein diets or yucca extract. Animal Industry Report:
AS 651, ASL R2014.
Panetta, D.M., Powers, W.J., Xin, H., Kerr, B.J., Stalder, K.J., 2005b. Nitrogen excretion and
amonia emissions from pigs fed modified diets. J. Environ. Qual. 35(4), 1297–1308.
http://dx.doi.org/10.2134/jeq2005.0411.

175
Patricia de Sousa, Pedersen, S., 2004. Ammonia emission from fattening pig houses in relation to
animal activity and carbon dioxide production. Agric. Eng. Int. CIGR J. 6, 1–13.
Pedersen, S., Blanes-Vidal, V., Joergensen, H., Chwalibog, A., Haeussermann, A., Heetkamp,
M.J.W., Aarnink, A.J.A., 2008. Carbon dioxide production in animal houses: A literature
review. Agric. Eng. Int. CIGR Ejournal X, 1–19.
Pepple, L.M., Burns, R.T., Xin, H.W., Li, H., Patience, J.F., 2011. Ammonia, hydrogen sulfide,
and greenhouse gas emissions from wean-to-finish swine barns fed diets with or without
DDGS, in: International Symposium on Air Quality and Manure Management for Agriculture.
Dallas, Texas, p. Paper 138.
Philippe, F.-X., Cabaraux, J.-F., Nicks, B., 2011. Ammonia emissions from pig houses:
Influencing factors and mitigation techniques. Agric. Ecosyst. Environ. 141(3–4), 245–260.
http://dx.doi.org/10.1016/j.agee.2011.03.012.
Philippe, F.-X., Laitat, M., Canart, B., Farnir, F., Massart, L., Vandenheede, M., Nicks, B., 2006.
Effects of a reduction of diet crude protein content on gaseous emissions from deep-litter pens
for fattening pigs. Anim. Res. 55(5), 397–407. http://dx.doi.org/10.1051/animres:2006029.
Philippe, F.-X., Laitat, M., Canart, B., Vandenheede, M., Nicks, B., 2007. Comparison of ammonia
and greenhouse gas emissions during the fattening of pigs, kept either on fully slatted floor
or on deep litter. Livest. Sci. 111(1–2), 144–152. http://dx.doi.org/10.1016/j.livsci.
2006.12.012.
Philippe, F.-X., Nicks, B., 2015. Review on greenhouse gas emissions from pig houses: Production
of carbon dioxide, methane and nitrous oxide by animals and manure. Agric. Ecosyst. Environ.
199, 10–25. http://dx.doi.org/10.1016/j.agee.2014.08.015.
Pitesky, M.E., Stackhouse, K.R., Mitloehner, F.M., 2009. Chapter 1 Clearing the Air. Livestock’s
Contribution to Climate Change, Advances in Agronomy. http://dx.doi.org/10.1016/S00652113(09)03001-6.
Portejoie, S., Dourmad, J.Y., Martinez, J., Lebreton, Y., 2004. Effect of lowering dietary crude
protein on nitrogen excretion, manure composition and ammonia emission from fattening
pigs. Livest. Prod. Sci. 91(1–2), 45–55. http://dx.doi.org/10.1016/j.livprodsci.2004.06.013.
Powers, W.J., Zamzow, S.B., Kerr, B.J., 2007. Reduced crude protein effects on aerial emissions
from swine. Appl. Eng. Agric. 23(4), 539–546. http://dx.doi.org/10.13031/2013.23487.

176
Preller, L., 1995. Respiratory health effects in pig farmers: assessment of exposure and
epidemiological studies of risk factors.
R Core Team, 2016. R: A language and environment for statistical computing. R Foundation for
Statistical Computing.
Radcliffe, S., Richert, B., Sholly, D., Foster, K., Hollas, B., Lim, T., Ni, J., Heber, A., Sutton, A.,
2008. Diet Modification to Reduce Odors, Gas Emissions and Nutrient Excretions from
Swine Operations, in: Mitigating Air Emissions from Animal Feeding Operations. Des
Moines, Iowa, pp. 114–119.
Rahman, S., Newman, D., 2012. Odor, ammonia, and hydrogen sulfide concentration and
emissions from two farrowing-gestation swine operations in North Dakota. Appl. Eng. Agric.
28(1), 107–115. http://dx.doi.org/10.13031/2013.41279.
Reidy, B., Dämmgen, U., Döhler, H., Eurich-Menden, B., van Evert, F.K., Hutchings, N.J.,
Luesink, H.H., Menzi, H., Misselbrook, T.H., Monteny, G.-J., Webb, J., 2008. Comparison
of models used for national agricultural ammonia emission inventories in Europe: Liquid
manure

systems.

Atmos.

Environ.

42(14),

3452–3464.

http://dx.doi.org/10.1016/

j.atmosenv.2007.04.009.
Riedel, S.M., Field, W.E., 2013. Summation of the frequency, severity, and primary causative
factors associated with injuries and fatalities involving confined spaces in agriculture. J. Agric.
Saf. Health 19(2), 83–100.
Saha, C.K., Ammon, C., Berg, W., Fiedler, M., Loebsin, C., Sanftleben, P., Brunsch, R., Amon,
T., 2014. Seasonal and diel variations of ammonia and methane emissions from a naturally
ventilated dairy building and the associated factors influencing emissions. Sci. Total Environ.
468–469, 53–62. http://dx.doi.org/10.1016/j.scitotenv.2013.08.015.
Saha, C.K., Zhang, G., Ni, J.-Q., 2010. Airflow and concentration characterisation and ammonia
mass transfer modelling in wind tunnel studies. Biosyst. Eng. 107(4), 328–340.
http://dx.doi.org/10.1016/j.biosystemseng.2010.09.007.
Sharpe, R.R., Harper, L.A., Simmons, J.D., 2000. Methane emissions from swine houses in North
Carolina. Chemosph. - Glob. Chang. Sci. 3(1), 1–6. http://dx.doi.org/10.1016/S14659972(00)00044-1.

177
Shurpali, N.J., Rannik, Ü., Jokinen, S., Lind, S., Biasi, C., Mammarella, I., Peltola, O., Pihlatie,
M., Hyvönen, N., Räty, M., Haapanala, S., Zahniser, M., Virkajärvi, P., Vesala, T., Pertti, &,
Martikainen, J., 2016. Neglecting diurnal variations leads to uncertainties in terrestrial nitrous
oxide emissions. Nat. Publ. Gr. http://dx.doi.org/10.1038/srep25739.
Smith, L.F., Lemay, S.P., Patience, J.F., Zijlstra, R.T., 2004. Effects of dietary crude protein level
and sugar beet pulp inclusion on nitrogen excretion patterns in grower and finisher pigs. Can.
J. Anim. Sci. 84(4), 717–720. http://dx.doi.org/10.4141/A04-015.
Smith, P., Bustamante, M., Ahammad, H., Clark, H., Dong, H., Elsiddig, E.A., Haberl, H., Harper,
R., House, J., Jafari, M., Masera, O., Mbow, C., Ravindranath, N.H., Rice, C.W., Abad, C.R.,
Romanovskaya, A., Sperling, F., Tubiello, F., 2014. Agriculture, Forestry and Other Land
Use (AFOLU). In: Climate Change 2014: Mitigation of Climate Change. Contribution of
Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (BOOK).
Snoek, D.J.W., Ogink, N.W.M., Stigter, J.D., Agricola, S., van de Weijer, T.M., Groot Koerkamp,
P.W.G., 2016. Dynamic behavior of pH in fresh urine puddles of dairy cows. Trans. ASABE
59(5), 1403–1411. http://dx.doi.org/10.13031/trans.59.11750.
Stinn, J.P., Xin, H., Shepherd, T.A., Li, H., Burns, R.T., 2014. Ammonia and greenhouse gas
emissions from a modern U.S. swine breeding-gestation-farrowing system. Atmos. Environ.
98, 620–628. http://dx.doi.org/10.1016/j.atmosenv.2014.09.037.
Sun, G., Guo, H., Peterson, J., 2010. Seasonal odor, ammonia, hydrogen sulfide, and carbon
dioxide concentrations and emissions from swine grower-finisher rooms. J. Air Waste Manag.
Assoc. 60(4), 471–480. http://dx.doi.org/10.3155/1047-3289.60.4.471.
Sun, G., Guo, H., Peterson, J., Predicala, B., Guo, H., Peterson, J., Predicala, B., 2008. Diurnal
odor , ammonia , hydrogen sulfide , and carbon dioxide emission profiles of confined swine
grower/finisher

rooms.

J.

Air

Waste

Manage.

Assoc.

58(11),

1434–1448.

http://dx.doi.org/10.3155/1047-3289.58.11.1434.
Swotinsky, R., Chase, K.H., 1990. Health Effects of Exposure to Ammonia : Scant Information.
Am. J. Ind. Med. 17(4), 515–521. http://dx.doi.org/10.1002/ajim.4700170409.

178
Toledo, J.B., Furlan, A.C., Pozza, P.C., Carraro, J., Moresco, G., Ferreira, S.L., Gallego, A.G.,
2014. Reduction of the crude protein content of diets supplemented with essential amino acids
for piglets weighing 15 to 30 kilograms. Rev. Bras. Zootec. 43(6), 301–309.
http://dx.doi.org/10.1590/S1516-35982014000600004.
Trabue, S.L., Kerr, B.J., Bearson, B.L., Hur, M., Parkin, T., Wurtele, E.S., Ziemer, C.J., 2016.
Microbial community and chemical characteristics of Swine manure during maturation. J.
Environ. Qual. 45(4), 1144–1152. http://dx.doi.org/10.2134/jeq2015.09.0446.
U.S. National Library of Medicine, n.d. TOXNET Toxicology Data Network. www.nlm.nih.gov/
(accessed 7.6.17).
USDA, 2017. Animal Production. www.usda.gov/topics/animals/animal-production (accessed
7.5.17).
USDA,

2014.

2012

Census

Highlights.

www.agcensus.usda.gov/Publications/2012/

Online_Resources/Highlights/Hog_and_Pig_Farming/#top_states (accessed 7.6.17).
USDA

Economic

Research

Service,

n.d.

Hogs

&

Pork

Overview.

2016.

www.ers.usda.gov/topics/animal-products/hogs-pork/ (accessed 6.8.17).
Van’t Klooster, C.E., Heitlager, B.P., 1994. Determination of minimum ventilation rate in pig
houses with natural ventilation based on carbon dioxide balance. J. Agric. Eng. Res. 57(4),
279–287. http://dx.doi.org/10.1006/jaer.1994.1028.
Velthof, G.L., Nelemans, J.A., Oenema, O., Kuikman, P.J., 2005. Gaseous nitrogen and carbon
losses from pig manure derived from different diets. J. Environ. Qual. 34(2), 698－706.
http://dx.doi.org/10.2134/jeq2005.0698.
Xin, H., 2005. Instruments for measuring concentrations and emission rates of gases and
particulates from animal feeding operations.
Ye, Z., Zhang, G., Li, B., Strom, J.S., Dahl, P.J., 2008. Ammonia emissions affected by airflow in
a model pig house: effects of ventilation rate, floor slat opening, and headspace height in a
manure storage pit. Trans. ASABE 51(6), 2113–2122.
Ye, Z., Zhang, G., Li, B., Strøm, J.S., Tong, G., Dahl, P.J., 2008. Influence of airflow and liquid
properties on the mass transfer coefficient of ammonia in aqueous solutions. Biosyst. Eng.
100(3), 422–434. http://dx.doi.org/10.1016/j.biosystemseng.2008.04.016.

179
Ye, Z., Zhang, G., Seo, I.-H., Kai, P., Saha, C.K., Wang, C., Li, B., 2009. Airflow characteristics
at the surface of manure in a storage pit affected by ventilation rate, floor slat opening, and
headspace height. Biosyst. Eng. 104(1), 97–105. http://dx.doi.org/10.1016/j.biosystemseng.
2009.05.005.
Ye, Z., Zhu, S., Kai, P., Li, B., Blanes-Vidal, V., Pan, J., Wang, C., Zhang, G., 2011. Key factors
driving ammonia emissions from a pig house slurry pit. Biosyst. Eng. 108(3), 195–203.
http://dx.doi.org/10.1016/j.biosystemseng.2010.12.001.
Zervas, S., Zijlstra, R.T., 2002. Effects of dietary protein and fermentable fiber on nitrogen
excretion patterns and plasma urea in grower pigs. J. Anim. Sci. 80(12), 3247–3256.
http://dx.doi.org/10.2527/2002.80123247x.
Zhang, Q., Zhou, X., Cicek, N., Tenuta, M., 2007. Measurement of odour and greenhouse gas
emissions in two swine farrowing operations. Can. Biosyst. Eng. 49, 6.13-6.20.
Zhu, J., Jacobson, L., Schmidt, D., Nicolai, R., 2000. Daily variations in odor and gas emissions
from animal facilities. Appl. Eng. Agric. 16(2), 153–158.
Zhu, J., Jacobson, L.D., 1999. Correlating microbes to major odorous compounds in swine manure.
J.

Environ.

Qual.

28(3),

737－744.

http://dx.doi.org/10.2134/jeq1999.0047242500

2800030001x.
Zong, C., Feng, Y., Zhang, G., Hansen, M.J., 2014a. Effects of different air inlets on indoor air
quality and ammonia emission from two experimental fattening pig rooms with partial pit
ventilation

system

–

Summer

condition.

Biosyst.

Eng.

122,

163–173.

http://dx.doi.org/10.1016/j.biosystemseng.2014.04.005.
Zong, C., Zhang, G., Feng, Y., Ni, J.-Q., 2014b. Carbon dioxide production from a fattening pig
building

with

partial

pit

ventilation

system.

http://dx.doi.org/10.1016/j.biosystemseng.2014.07.011.

Biosyst.

Eng.

126,

56–68.

180

6. GENERAL CONCLUSIONS

Modern swine production and its related gas pollution is a complex system that involves animal
physiological process, manure microbiological and chemical processes, and physical processes in
gas generation, releases and emissions. Although scientific research on air quality in swine
production started in the 1960s, understanding of this system was still insufficient as demonstrated
by the large and unexplainable gas emission variations, unclear microbiological processes inside
the manure, and inconclusive effects of important dietary treatments.

Based on a 155-d comprehensive air monitoring in a 12-room research swine building, and the
continuous measurement of both ventilation rates and the gas concentrations at the exhaust fans,
this study helped to overcome the limitation of the insufficient length of observation reported in
previous studies and provided high-quality data to reflect the variations in gas emissions
throughout the entire growth cycle. Rather than a single room or chamber monitoring, there were
four replicate rooms for each dietary treatment. As a result, more reliable conclusions on the
dietary effects on gases were accessed and the existence of large variabilities in gas emissions from
multiple rooms under the same dietary treatment and production management were welldemonstrated.

The results of this study suggested that diet manipulation in a complex swine building system
should consider the impacts of diets on different air pollutants. It was not only verified that dietary
CP reduction with AA supplementation effectively mitigated NH3 emissions, but also observed
that peak NH3 emissions during a pig cycle could be shifted to an earlier growth stage by CP
reduction. The effects of CP-reduced and AA-supplemented diets on other gases were also
revealed: It significantly increased H2S and CO2 emissions and decreased N2O emissions. The
emission of CH4 could be enhanced if the pH of the manure was within the optimum range of
anaerobic digestion.

This study also showed the necessity of applying different research methodology to dig
information and gain new insights into the gas emission in the complex swine production system.
Two unidentified influencing factors influencing the NH3 emissions from the 12 rooms were
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detected by using a new statistical method, the panel data analysis with heterogeneous time trends.
Though their exact identities could not be confirmed, the dynamic trends of the two unidentified
factors were clearly demonstrated. It is believed that the current difficulties to identify these factors
are the very limited knowledge about the microscopic-level processes in the manure, especially
the growth and evolution of manure microorganisms under different environmental conditions,
including the change of manure composition, pH, temperature, etc. Technology advancement in
scientific research may enable effective and affordable approaches to help make a breakthrough in
the future.

Future research on the gas generation related microbial processes in the manure is needed to better
understand the dynamics of gas generation, release, and emission at animal buildings.
Advancements in manure continuous monitoring at microscopic level are critical to realize the
goal. The high frequency and long-term monitoring of both gas emissions will still be essential to
capture large temporal and special variations of dietary-phase related emissions. A more detailed
description of materials and methods, especially the dietary treatments, including the information
of both CP and non-CP ingredients, should be provided in future publications, enabling further
quantitative studies of the effects of the dietary ingredients on manure and gases and a better
comparison among different studies.
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